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A lot of works have been conducted on the analysis of an IECS in order to reveal 
its cooling mechanism. According to the existing research, many versions of 
mathematical models of IECS are developed, among which many are fact calculations 
which sacrifice the accuracy for the simplicity, while others consider only certain 
aspects due to the complexity of the IECS. Furthermore, most of the studies were based 
on the counter-flow configuration, in which secondary air flows counter/parallel to the 
primary air, and a few theoretical investigations focused on the cross-flow without a 
solid validation. Therefore, an accurate computational model that comprehensively 
describes the heat and mass transfer process happened in a cross-flow IECS is highly 
demanded. Besides, no study has been found on the IECS employing flat tubes, which 
is a reformation of the regular plate type structure. 
To explore the mechanism of an IECS, initially a pack of plates are used as the 
heat and mass medium for an indirect evaporative cooling system (IECS), in which 
primary and secondary air flow in a cross direction while water is sprayed from the 
top nozzles. A two-dimensional model is developed to describe the heat and mass 
transfer process happened in the system. After comparing the simulation results with 
existing experimental results, the small deviation proves the feasibility of proposed 
model. Then important parameters, such as air flow rates, diameter of plates, air 
properties are tested to understand their effect on the system cooling effectiveness. At 
the meantime, Lewis factor and surface wettability are considered as two determining 




The results indicated that key factors like wet bulb temperature of secondary air and 
wettability of the wet channel lay a great effect on the cooling performance. Moreover, 
the flow patterns of three streams are also altered to check which one is most suitable 
for achieving the lowest temperature. 
On the other hand, the model has changed to tubular system with the application 
of flat tube which has several distinct advantages over other geometries when applied 
in an IECS. During the operation, primary air flows in the tube along the axis while 
the secondary air flows across the external surface of the tube bank in a cross-flow 
direction to the primary air and in a counter-flow direction to the water film. In order 
to understand the mechanism of flat tubular indirect evaporative cooler, a numerical 
model is developed to predict the fluid temperature distributions along the flow length. 
Then influential parameters consisting of tube arrangement, geometry and air 
properties are changed to study their effects on the cooling performance in terms of 
wet bulb efficiency and air pressure drop. In the end, depending on the investigations, 
an optimization of tubular IECS is achieved with high efficiency and low pressure 
drop.  
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Chapter 1. Introduction 
1.1 Background and motivation 
Massive and excess use of energy has raised people’s concern on the limiting 
energy resources, deterioration of the global climate as well as the disappearance of 
ozone layer. It is well-known that three parts are accounting for the energy use, which 
are industry, transport and architecture, in which architecture consumes about 20-40 
percent of total energy, higher than the other two parts. Among architectural section, 
heating ventilation and air conditioning (HVAC) system takes nearly half the energy 
consumption, which means it accounts for one quarter of total energy [1]. With the 
increasing global temperature, proliferation of building area and demands for higher 
comfort conditions, this figure is definitely going to become larger. Therefore, it is 
urgent to improve the energy efficiency of the HVAC system and promote new 
technology to replace conventional system for decreasing electrical consumption and 
the release of CO2 during the operation. 
Conventionally, mechanical compressor refrigeration is the main source for air 
conditioning, which consists of an evaporator, a compressor, a condenser and an 
expansion valve. The theory of its operation is reverse Carnot cycle, depending on the 
flowing of refrigerants like R-22, R134a within the system. In an evaporator, the 
refrigerant absorbs heat from an exchanger by changing its state from liquid into 
vapor. Afterwards, based on the high pressure caused by compressor, the refrigerant 
vapor becomes over saturated and then being delivered to a condenser, in which it 
transfers energy to the surroundings and turns back into liquid state. After leaving 
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condenser, the refrigerant flows across an expansion valve while reducing high 
pressure and going back to an evaporator to fulfill the cycle. Owing to the wonderful 
cooling function, this process has been maintained and improved for a long time. 
Right now, the low cost, mature technology and good stability explain why it still 
dominates the air conditioning market. However, during the working process, the 
compressor consumes a lot of energy and in order to better transfer heat between 
surroundings and evaporators and condensers, other auxiliary equipment needs to be 
installed. In this way, the high dependence on electricity together with the emission of 
Chlorofluorocarbons (CFC) makes the mechanical compressor refrigeration an 
unsustainable and environmentally unfriendly strategy, letting evaporative cooling 
come into sight.  
Actually, evaporative cooling had its birth around one thousand years ago 
invented in ancient Egypt. At that time, porous pots and ponds covered with a wet 
cloth were often used to preserve food against hot weather and some water chutes 
were also integrated into walls to keep the inside space cool [2], due to the 
evaporation of water when air flowed through. This fantastic technique was soon 
spread into other hot and arid places. Nowadays, the application of evaporative 
cooling can be seen in many places. For example, Figure 1.1 shows a pack of wet 
pads combined with a building, above which water is sprayed with nozzles. It cools 
the outside hot air which flows through and afterwards delivers cool and humid fresh 
air to the conditioned space. This is a common equipment that used in horticulture and 
agriculture fields and widespread in desert place. Still, the phenomenon of 
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evaporative cooling frequently happens to ourselves, for example when we climb out 
a swimming pool or after a severe activity, we would feel cold with the evaporation of 
water and sweat on us. Therefore, the simple structure as well as highly utilization of 
natural energy allows the evaporative cooling to be promising.  
 
Figure 1.1 Wet pads used in horticulture [3] 
1.1.1. Direct evaporative cooling system 
Evaporative cooling system cools hot fluid by applying the vaporization of water 
which allows plenty of heat transfer away from hot fluid. According to the operation 
process of evaporative cooler, it normally can be divided into two types: direct and 
indirect evaporative cooling system. Direct evaporative cooling system (DECS) which 
is shown in Figure 1.2(a) maintains primary air flowing through the wet channel, 
resulting in the direct contact of air with water film. During the process, water 
evaporates after absorbing heat and then being carried along with primary air. 
Therefore the hot air is cooled and humidified. The working process on the 
psychrometric chart is depicted on Figure 1.2(b). As can be seen, the hot air is 
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adiabatically cooled from state 1 to state 2 and lastly to the saturation state 1’, 
indicating that along the way, air loses its sensible heat while increasing the moisture 
content.  
 
Figure 1.2 Direct evaporative cooling. (a) Typical configuration of direct 
evaporative cooling system. (b) Psychrometric chart representation [4] 
1.1.2. Indirect evaporative cooling system 
Indirect evaporative cooling system (IECS) separates primary air from sprayed 
water by installing dry and wet channels. Thus primary air is delivered in the dry side 
of the heat exchanger, meanwhile secondary air also known as the working air flows 
across the wet side, in a direct contact with sprayed water. Through the process, heat 
released from primary air is transferred to the wet channel and then absorbed by the 
water film covered at wet surface. The resulted water evaporation is taken away by 
the secondary air which then is discharged to the ambient. The basic configuration of 
indirect evaporative cooling system is shown in Figure 1.3(a).  
Figure 1.3(b) clearly describes the working principle of indirect evaporative 
cooling system on the psychrometric chart. As it is shown, the state of primary air 
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moves from point 1 to 2, only decreasing the temperature without changing the 
humidity, which refers to the amount of water vapor contained in the air. Since higher 
humidity would prevent people from cooling by inhibiting sweater on the skin surface 
to vaporize, water amount directly determines the comfort condition of residences. 
From this point of view, indirect evaporative cooling system appears to be better than 
the direct evaporative cooling. 
 
Figure 1.3 Indirect evaporative cooling. (a) Typical configuration of indirect 
evaporative cooling system. (b) Psychrometric chart representation [4] 
 
On the other hand, the secondary air is unadiabatically cooled from point 1 to the 
saturation curve point 1’ and then goes along the saturation line until it is finally 
discharged to the outside. The starting condition of both air streams are at the same 
points because of the use of outside air as the secondary air. When return air from 
conditioned space is applied, the starting point of the secondary air would not be the 
same as that of primary air. However, the wet bulb temperature of secondary air must 
lower than outlet temperature of primary air in order to maintain the heat and mass 
transfer. That is because the difference between temperature of primary air and wet 
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bulb temperature of secondary air is the impetus for cooling. Since the ideal lowest 
temperature that primary air could achieve is the wet bulb temperature of inlet 
secondary air as is shown in Figure 1.3(b), therefore, wet bulb effectiveness (
wb ), the 
ratio between the actual temperature drop of the primary air and its ideal maximum 












  (1-1) 
1.2 Objectives and approach 
The primary objective of this investigation is to develop a numerical model for 
simulating the cooling performance of an indirect evaporative cooling system with 
cross-flow arrangement, where return air is applied as the secondary air for the 
purpose of recovering heat. To do that, the mechanism related to the heat and mass 
transfer process involved inside is comprehensively analyzed. Moreover, for a real 
representation of IECS, conditions including variation of water film temperature 
along the flowing path, Lewis factor and surface wetting condition are embedded into 
the model instead of simply introducing an easy factor to represent them. Different 
from previous fast-calculation methods which sacrifice the accuracy for simplicity, by 
doing this the accuracy of proposed model is greatly improved. Then, the cooling 
performance of the entire system is displayed in terms of temperature distribution, 
humidity distribution and system wet bulb efficiency. 
For a better understanding of the cooling mechanism of a plate type IECS, the 
second objective is to study the influence of key factors and their contributions to the 
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variation of cooling performance. To do that, extensive computational investigations 
have to be carried on the factors including system operation conditions, plate 
geometry, surface wettability as well as flow arrangement of a cross-flow IECS. After 
that, results are carefully examined and analyzed for the discussion of their 
characteristics in order to understand their working mechanism, offering instructions 
for the future study. 
The third objective is to explore the characteristics of a tubular IECS which is 
equipped with flat tubes based on the findings from plate type IECS. In the 
investigation, numerical simulations have been performed to reveal the system 
cooling performance. To discern the effects of influential parameters, tubular 
geometry is comprehensively studied in terms of system efficiency and pressure drop. 
Moreover, after the discussion of their influence, an optimized tubular IECS is 
achieved in order to provide guidelines for the future work. 
1.3 Outline of thesis 
In this thesis, Chapter 1 mainly has illustrated the background and motivation of 
the necessity to study an evaporative cooling system, which normally consists of direct 
and indirect type. Basic theory both types afterwards are presented to show their 
popularity and value of study. It is found that indirect evaporative cooler has a distinct 
advantage over direct evaporative cooler by not adding water vapor to the process fluid. 
Hence it avoids the problem related to the bacteria propagation and spread, and also 
provides indirect evaporative cooler with the ability to operate in more districts like hot 
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and humid place. Thus, the focus of this research is on the indirect evaporative cooling 
system. Chapter 2 comprehensively reviews the investigations on the indirect 
evaporative cooling system (IECS). Based on the study, normally two configurations 
are applied in the IECS, which are plate and tubular size. After the literature review, 
gaps of each configuration are estimated as the objective for this research. In the 
Chapter 3, plate and tubular sized IECS are analyzed separately, a numerical model 
related to them is developed to describe the heat and mass transfer process happened 
inside. While for the Chapter 4, validation is conducted with existing experiments to 
ensure the accuracy of the proposed model. The small error of the comparison between 
simulation results and experiments indicates its feasibility for further study. Then key 
factors such as medium geometry, air properties as well as flow patterns that exert an 
influence on the IECS cooling performance are comprehensively analyzed and 
discussed for the understanding of system operation mechanism. An optimization 
therefore is achieved. In the last Chapter, based on the simulation results of influential 
parameters and the analysis of heat and mass transfer process involved in the IECS, 
conclusions are made to list the main findings. Moreover, recommendations for the 
future effort are proposed in order to perfect the study of IECS and greatly spread its 
application to more working fields.  
 
Chapter 2. Literature review 
9 
 
Chapter 2. Literature review 
2.1. Direct evaporative cooling system (DECS) 
Direct evaporative cooling system has been theoretically and experimentally 
studied by many scholars due to its easy fabrication and high efficiency in hot and dry 
districts [6-9]. Its application is also worldwide and proven to be energy-saving and 
simple operation. Heidarinejad [10] presented a performance test of a direct 
evaporative cooler coupled with a ground circuit in Tehran. The investigation showed 
that the coupled system sufficiently provided the comfort condition with high cooling 
effectiveness and greatly reduce the electricity cost. Elmetenani [11] initiated a 
performance investigation of a direct evaporative cooling system powered by solar 
energy with photovoltaic panels in Algerian. The monitor data indicated that the 
largest temperature drop of supply air could reach as high as 18.86
o
C and almost two 
third of the country was installed with direct evaporative cooler due to the hot and 
arid climate, proving the direct evaporative cooler environmentally friend and 
realistically feasible. Finocchiaro [12] presented an innovative model which utilizing 
solar assisted desiccant and direct evaporative cooling system to decrease the energy 
consumption of a building air conditioning system. The experimental results implied 
the capacity of this novel system for cooling supply air down to 21-22
o
C, which 
successfully eliminate the installation of cooling coils. Hence, the electrical energy 
associated with this auxiliary cooling device could be saved, resulting in increased 
electrical coefficient of performance (COP).  
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However, owing to the distinguished disadvantage of adding moisture to the 
supply air, the development of direct evaporative cooling is limited to some special 
conditions in which the water vapor content in primary air does not strictly required 
and ambient air is hot and dry. On the other hand, the problem of bacterial 
proliferation and spread associated with high water vapor also hinders the massive 
extension of direct evaporative cooler. For example, Kruger [13] emphasized that the 
use of direct evaporative cooling system in humid places such as Maracaibo is not 
effective. In this way, indirect evaporative cooling system came to birth, gained its 
popularity and developed for more than a century.  
2.2. Indirect evaporative cooling system (IECS) 
2.2.1. Single stage IECS 
An indirect evaporative cooling system installed in Jordan which perfectly 
represents the climate of Mediterranean was analyzed by Jaber [14]. With the operation 
of this system, the energy consumption and emission of carbon based gases were 
greatly reduced without influencing the comfort conditions. According to the data, if 
500,000 Mediterranean buildings use indirect evaporative cooling system instead of 
conventional air conditioning, every year about 1084GWh/a energy can be saved and 
637,873 ton emission of CO2 would be reduced. Still it took less than two years to get 
the payback. Kruger [13] monitored an indirect evaporative cooling system in terms of 
cooling thermal heat of a building for a long time. It turns out that indirect evaporative 
cooling system adequately met the need of indoor temperature and could lower the 
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temperature closer to wet bulb temperature. An indirect evaporative cooling system 
was installed in a dwelling by A.Joudi [15] to test its ability to eliminate the variable 
cold load of Iraqi. As a result, indirect evaporative cooling system provided residences 
with comfortable conditions for most of operation period with rather high efficiency 
owing to only fan and pump consuming power. Besides, indirect evaporative cooling 
system could act as an auxiliary part of the traditional air-conditioning system. For 
example, Delfani [16] utilized indirect evaporative cooler to pre-cool the supply air 
before it entered the mechanical cooling system. As it is reported, the indirect 
evaporative cooler served to cool nearly 75% load helped to save 55% consumption of 
electricity.  
2.2.2. IECS combined with DECS 
Although the indirect evaporative cooling has the potential of not affecting the 
vapor content in the primary air, its wet bulb efficiency is only 40-50%, lower than that 
of direct evaporative cooling, which efficiency could reach as high as 70-80% [17]. In 
order to eliminate this limitation, it is necessary to combine indirect evaporative 
cooling with other air-conditioning systems, among which two stage of indirect/direct 
evaporative cooling system is the most common one and had its birth in 1952, invented 
by Watt and Brown using aluminum plate heat exchanger [2]. After that, the studies of 
coupled indirect/direct systems have been performed widely. Heidarinejad [18] 
experimentally study the coupled evaporative cooling system in terms of thermal 
effectiveness and water consumption under various weather conditions in Iran, in 
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which indirect evaporative cooling is followed by direct evaporative cooling. It is 
observed that the indirect/direct system is able to satisfy the demand of comfort 
conditions in more places where wet bulb temperature of ambient air is high which is 
not suitable for the operation of single evaporative cooler. The thermal efficiency of the 
proposed system is around 108-111%, while that of indirect evaporative cooling varies 
between 55% and 61%. Furthermore, when compared with traditional mechanical 
refrigeration system, the energy consumption of two stage system reduced greatly 
constituting only 40% portion of traditional system. Therefore the proposed system is 
applicable in various regions and is an energy saving and environmental friendly 
alternative even though the water consumption increased about 55% with respect to 
direct evaporative cooling. In addition, Kim [19] started a comparison of heating 
energy reduction between a coupled indirect and direct evaporative cooling system, 
using 100% outside air as the primary air and a conventional variable air volume 
system installed in a campus building. During the winter operation, the indirect 
evaporative cooling of the coupled system was executed as a heat exchanger extracting 
heat from return air to supply air without spraying water. The whole year measurements 
indicated that although the fan energy consumption of coupled direct and indirect 
evaporative cooling system is higher than that of variable air volume system, the 
fulfillment of heat recovery in winter and normally spray cooling resulted in a 60-89% 
of power saving.  
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2.2.3. IECS combined with desiccant system 
On the other hand, the integration of an indirect evaporative cooler with desiccant 
dehumidifier is another promising method. It mainly consists of two parts: the 
dehumidifying and cooling process, making indirect evaporative cooler applicable in 
hot and humid places. A novel configuration of a hybrid of an indirect evaporative 
cooler with desiccant dehumidifier was presented in [20], which consisted of two stages. 
In the first stage, moisture of the process air flowing in a channel was removed by the 
liquid desiccant. While in the other side of the channel existed an evaporative water 
film which cooled the liquid desiccant and transferred the absorbed heat to the exhaust 
airstream through the vaporization. The second stage which employed an indirect 
evaporative cooling system utilized a portion of the cool dry air exiting the second stage 
as the evaporative sink. The systematic modeling showed 10% discrepancy from 
experiments.  
Solid desiccants like zeolite, titanium silicide, silica gel and polymer etc, or liquid 
desiccants like lithium chloride/bromide and calcium chloride etc are applied because 
of their porous structure enabling the removal of the moisture and low energy required 
for regeneration. Normally, solar energy and waste heat usually are used to drive the 
circulation, making the whole system more environmentally friend and cheap 
investment. For example, Baniyounes [21] systematically investigated the potential of a 
solar assisted desiccant evaporative cooling system by involving key variables like 
coefficient of performance, solar fraction, life cycle and payback period. The 
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experiment indicated that the proposed model reached a 22% solar fraction and had the 
ability to save 60% of annual energy while maintaining the comfort level. 
2.2.4. IECS combined with natural heat sinks 
Besides the combination of indirect evaporative cooling system with direct 
evaporative cooler or desiccant dehumidifier, other hybrid systems of natural heat sinks 
employing ground and nocturnal radiative cooling also play an important role in saving 
the total energy. Khalajzadeh [22] thermally studied a novel hybrid system of ground 
heat exchanger and indirect evaporative cooler. Primary air was firstly cooled by the 
ground-coupled circuit to utilize the cooling potential of the ground, and further 
reduced its dry bulb temperature by flowing across the indirect evaporative cooler. The 
simulation results showed that the integration has a higher effectiveness than the unity 
and greatly reduced the traditional size of the ground circuit heat exchanger without 
violation of the comfort condition. Farahani and Heidarinejad [23] proposed a 
two-stage system which consisted of a nocturnal radiative and indirect evaporative 
cooling system. During the night, chilled water transferred its excess heat to the sky 
treated as a heat sink, through radiation, after which the cooled water was stored for the 
next day use with indirect evaporative cooler. The investigation proved the system’s 
feasibility and higher efficiency compared to stand-alone system.  
In summary, it is found that IECS is better than DECS due to the wide 
application and feasibility of combining with other instruments. Therefore, the 
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research is on the study of IECS, and the next sections are the literature review 
regarding to the two types of IECS. 
2.3. Plate type IECS 
According to the above summary, indirect evaporative cooling system (IECS) has 
been widely used as an alternative of the conventional mechanical refrigeration system. 
It prevents the emission of greenhouse gas and greatly reduces the energy consumption. 
Moreover, the easy integration with other systems allows the enhancement of overall 
cooling performance and the extension of application to more districts, rendering the 
study of IECS more urgent and important. Basically, the analysis of IECS is mainly on 
three sections and has been conducted for decades. 
2.3.1. Theoretical study 
Theoretical study of a plate type indirect evaporative cooler had been conducted 
for many years. Hence many versions of mathematical models were developed, among 
which many were fast calculation which sacrificed the accuracy for the simplicity, 
while others considered only certain aspects due to the complexity of the IECS. 
Pescod [24] presented a simple design model for an indirect evaporative cooler 
with small protrusion inside. Plastic plates were employed as the heat and mass 
transfer surface in this device. This led to small thermal conductivity, but the heat 
transfer resistance between dry and wet passages became small. Compared with 
existing experiments, the simulation results found to be larger, possibly due to the 
assumption of fully wetted plates. 
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Maclaine-Cross and Banks [25] theoretically study the indirect evaporative 
cooling with the proposition of a linear function of air saturation line with its dry bulb 
temperature and a stationary water film fully covering the plate with constant 
temperature. Therefore, this provided the quickly decouple of new arranged equations 
illustrating behaviors in dry and wet channel. The estimated simulated efficiency of 
cooling system was found to be 20% higher comparing with previous experiments 
data.  
Kettleborough and Hsieh [26] proposed a mathematical model for an counter 
flow indirect evaporative cooler, where secondary air and water film flowed in 
parallel direction. They improved the model of Maclaine-Cross and Banks by 
considering the wettability of plate, which is the ratio of area covered by water with 
total area. Key variables that influenced the cooling performance such as velocity, 
temperatures and humidity ratios of air streams were discussed. 
Hsu and Lavan [27] analyzed three basic configurations of wet surface heat 
exchangers, which were unidirectional, counter flow and counter- and cross- 
closed-loop, in order to seek the way to reduce the process air temperature under the 
wet-bulb temperature. They used a finite difference numerical method to solve the 
governing equations, after which validation with experiments were made to ensure the 
correctness. In conclusion, the unidirectional flow had the lowest effectiveness which 
is 0.8, while effectiveness of counter flow reached 1. For closed loop flow, which 
employed regeneration air, the maximum effectiveness had achieved 1.3 for both 
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counter and cross situations, and the extraction rate should lower than 60% to avoid 
the drop of effectiveness.  
Erens and Dreyer [28] discussed three essential mathematical modeling of 
indirect evaporative cooling system developed by previous scholars. Firstly, the 
Poppe model was reviewed, which took into account of the air becoming saturated 
before it was discharged and the Lewis factor changing along the wet passage. 
Secondly, the Merkel model is a simplified version derived from Poppe model by 
assuming Lewis factor as unity and ignoring the water evaporation rate. Finally, a 
much more simplified model was obtained by assuming the water film temperature 
constant. The modeling results showed that this simplified model is accurate enough 
for the initial design and rating of small sized indirect evaporative cooling system. 
However, when precision is required, Poppe or Merkel model is more appropriate.  
Halasz [29] summarized a general mathematical model for the description of all 
types of indirect evaporative cooling systems. The differential equations that depicted 
the heat and mass transfer process were developed in nondimensional form with 
nondimensional coordinates and parameters. The introduction of a straight air 
saturation line replacing the real one helped to simplify the evaporation process and 
reduce the needed parameters.  
Tsay [30] numerically studied the heat and mass transfer in a countercurrent flow 
indirect evaporative cooler. Coupled equations of continuity, momentum, energy and 
species diffusion that described the characterization of the cooling process were 
presented in detail. Comparison of heat transfer rates in wet heat exchanger with those 
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estimated in dry heat exchanger indicated that latent heat transfer caused by water 
evaporation predominated in absorbing heat transferred from process air and the 
evaporation loss of water film is relatively small.  
In summary, the primary air flows in the dry channel evacuating excess heat to the 
plate; whereas water evaporates after absorbing the heat in the wet channel, then the 
secondary air takes away the water vapor and being discharged to the environment. To 
find out a mathematical model perfectly describing the mechanism happened in an 
IECS, certain assumptions have to be made to reduce the complexity. When further 
assumptions such as stationary water film, constant water temperature throughout the 
wet surface, negligible evaporation loss and Lewis factor being settled as a unity are 
employed, a much more simplified model will be achieved without the guarantee of 
accuracy.  
2.3.2. Flow arrangements 
Normally, indirect evaporative cooler has three types of configurations according 
to the source of secondary air (working air) coming from, which is shown in Figure 
2.1 together with the psychrometric operation process. 
As can be seen in Figure 2.1(a), state 1 indicates that both the primary air and 
secondary air comes from ambient environment, therefore the heat and mass transfer 
happens due to the low wet bulb temperature of inlet air. Obviously, the wet bulb 
temperature of ambient air is the ultimate temperature that the primary air could reach, 
therefore this type limits the temperature drop, illustrating the temperature of state 2 
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could not lower than that of state 3, and is not suitable to operate in areas with high 
wet bulb temperature. However, this system has been widely utilized and studied by 
many researchers for decades of years due to its easy application.  
As the return air from conditioned rooms usually is cool and non-saturated, 
especially in the hot and humid places, it is advantageous to pass it through wet 
passages for heat recovery instead of utilizing ambient air. Figure 2.1(b) shows the 
configuration of this type, where the primary air is cooled from state 1 to state 2, 
while the temperature of return air is changed from state 3 to state4. Thus, this type of 
IECS makes use of the evaporation of spray water and the cooling potential of 
secondary air.  
Figure 2.1(c) illustrates that a fraction of cooled primary air is sent back to the 
wet channel as the secondary air before it supplies to the required rooms. This 
configuration known as the regenerative cooler, is able to cool the primary air from 
state 1 to the dew point temperature of state 2 which is lower than the wet bulb 
temperature. Its working process is shown on psychrometric chart. Owing to this 
exciting feature, the focus recently is shifted to this method.  
Hasan [31] presented a mathematical model for exploring the cooling process of 
an regenerative indirect evaporative cooler. Four types of configuration namely 
two-stage counter flow, parallel flow, combined parallel-regenerative cooler and 
single-stage counter flow regenerative cooler were calculated and discussed. It was 
found that the wet bulb effectiveness for them were 1.26, 1.09, 1.31 and 1.16 
respectively. Therefore, process air was capable of achieving the dew point 
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temperature of ambient air by setting more number of staged coolers. Furthermore, 
another calculation method based on ε-NTU was developed, small discrepancy 
between simulation and experiment results proved its feasibility [32].  
Zhao [33-36] was another person making great contribution to the study of dew 
point evaporative cooling. In his research, a numerical model was carried out to 
investigate a various of factors that affected the cooling performance. The estimated 
results found that counter-flow configuration had an advantage over cross-flow one, 
the cooling capacity was 20% higher while wet bulb efficiency was 23% higher under 
same size and conditions. Several suggestions were made for the optimization of 
cooling system, including that height of channel should be less than 6mm, 
channel-length-to-height ratio should between 100 to 300, and ratio of secondary to 
primary air ratio should be around 0.4.  
Apart from the configuration of IECS, flow distributions of three fluids in each 
type also have an effect on the system efficiency. For example, an enhanced analytical 
model for an indirect evaporative cooler with parallel/counter flow configurations is 
presented by Ren [37]. The new arranged equations considered the variation of water 
temperature, non-unity Lewis factor along the wet surface, incomplete wettability of 
surface as well as evaporation loss. He discussed four different flow distributions 
under parallel/counter flow circumstance with the proposed model and compared 
them to the experiments. It was found that when secondary air flowed in a 
counter-current direction to the process air and water film, the system was able to 
achieve the highest efficiency. 






 Figure 2.1 Configuration of indirect evaporative cooling system with secondary 
air coming from (a) ambient air, (b) return air, (c) a fraction of primary air, and 
their corresponding process on psychrometric chart.  
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Stoitchkov and Dimitrov [38] introduced a short-cut method for rating 
effectiveness of a wet plate heat exchanger with cross flow configuration, in which 
both spray water and secondary air flowed downwards. This calculation method was 
realized with determination of mean water film temperature and the ratio of total to 
sensible heat. In order to increase the accuracy, real conditions like barometric 
pressure were also considered. Small deviation between simulation and experiments 
results proved it is a fast procedure for rating wet plate heat exchanger.  








Secondary air is 
from ambient air 
Simple and easy of 
application. 
Not suitable to operate in 




Secondary air is 
from return air 
Make use of the return air 
which has low temperature 
and humidity. 




Secondary air is 
from a fraction 
of cooled 
primary air 
A novel method that is 
able to reduce the primary 
air to a temperature lower 
than its wet bulb 
temperature. 
It is applicable to other 
conditions. 
[33-36] 
In summary, regenerative method offers indirect evaporative cooling system a 
new epic because of the reduction of ultimate cooling temperature to the dew point 
temperature of inlet air. However, by doing that a fraction of primary air has to be 
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wasted. While using return air as the secondary air may achieve the same cooling 
results, and the cooling potential of return air can be recycled before discharged.  
2.3.3. Material for evaporative media 
The medium of heat and mass transfer surface plays an important role in 
increasing cooling efficiency of an indirect evaporative cooler as it transfers the heat 
from primary air to the wet channel covered by water, causing latent and sensible heat 
exchange. The material of mediums is required to have the ability of holding and 
distributing water film evenly to ensure the heat and mass transfer area. Moreover, 
high conductivity which raises the heat transfer rate and the low flow resistance to the 
air stream are also highly demanded. Therefore, it is necessary to perform the research 
on the materials having these features 
Plastic sheets were firstly utilized by Pescod [24] as the surface of an indirect 
evaporative cooler. It was estimated that although plastic has a quite low conductivity, 
the thermal resistance between wet and dry channels was also small, the resulting 
maximum temperature drop of process air reached 10
o
C. The corrugated Kraft and 
NSSC papers were tested by Barzegar [40] to increase the efficiency. The evaluation 
indicated that the paper provided a good ability of water permeability.  
Zhao [36] comprehensively studied five major materials: metals, fibers, ceramics, 
zeolite and carbon, that could be used as the medium in the indirect evaporative 
cooler. The tests were performed by using an air conditioning equipment to generate 
the heat/mass transfer rate for each material. A large range of characterizations of 
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material were taken into consideration. The results showed that thermal properties, 
thermal conductivity and water-retaining capacity imposed little effect on the cooling 
process. On the other hand, properties in terms of shape formation ability, durability, 
water proof capacity, prevention of contamination and cost became much more 
important in the selection of a material. In the end, wick-attained aluminum sheet was 
recommended for the application.  
In summary, material used for the heat and mass transfer in indirect evaporative 
cooling system should be able to remove away heat transferred from primary air 
quickly and prevent the penetration of water vapor to the dry side. Easy formation 
into desired geometry together with cheap cost and maintenance is other big concerns 
regarding to the selection of a material.  
2.3.4. Gap and objective  
According to the above summary, there are numerous simplified models existing 
for the fast calculation of a plate-sized indirect evaporative cooling system. Since they 
have sacrificed accuracy for the simplicity, one computational model that 
comprehensively describes the heat and mass transfer process happened during the 
operation is highly demanded. Also, no study is found on the cooling effect caused by 
the surface wetting condition and fluids flow arrangement. Therefore, the objective of 
this research is to develop a numerical model consisting of mass and energy 
conservation equations based on the cross-flow configuration of Figure 2.1(b), where 
return air ( 24 ,  60%ai aiT C    ) is applied as the secondary air for the purpose of 
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recovering heat. In order to increase the model accuracy and make it more practical, 
real conditions including variation of water film temperature along the flowing path, 
Lewis factor and surface wet condition would be taken into account instead of simply 
introducing an easy factor to represent them. Then, the cooling performance of the 
entire system will be analyzed in terms of temperature distribution, humidity ratio 
change of secondary air and system wet bulb efficiency. After that, discussion on the 
effect of several key factors which consist of air properties, plate size as well as 
water-air flow arrangement are performed to understand their working mechanism 
and offer instructions for the future study. 
2.4. Tubular IECS 
Despite the commonly use of plates as the separation medium, tubes arranged to 
form a bundle also has gained its popularity in the application of an IECS. During its 
operation, primary air flows inside the tubes, while secondary air is driven into the 
bottom of exchanger and flows across the tube external surface in a cross flow direction 
to the primary air. At the same time, water is sprayed from the top and wets outer 
surface of each tube. The basic configuration and working process is indicated in 
Figure 2.2.  
Since primary air is separated from wet condition, worries of contamination from 
return air and spread of bacteria can be neglected. Depending on the tubular IECS, 
uniformly distributed water film is easily achieved. Furthermore, when cross-flow is 
applied for the air streams, secondary air collides perpendicularly to the outside surface 
of tube banks, which leads to the rise of turbulence. Heat and mass transfer coefficients 
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between secondary air and water film therefore are enhanced due to the effect of tube 
interruption. Research on its theoretical study as well as methods of improving overall 
efficiency has been conducted for decades. 
 
Figure 2.2 Configuration of a tubular IECS 
2.4.1. Theoretical study 
Theoretically, hot fluid flowing inside a tube heats its interior surface, water film 
covering the exterior removes the heat away by being evaporated into secondary air 
which flows across the tube bundle. Secondary air hence increases the humidity along 
the path and eventually being ejected to the ambient. As this process involves sensible 
and latent heat transfer, the theoretical studies are presented with simplification.  
Merkel [41] presented a model for the fast and easy estimation of an tubular 
evaporative cooler, in which assumptions of stationary water film with constant 
temperature were made, sacrificing the accuracy. Baker [42] analyzed the Merkel [41] 
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model and then made a few modifications to decrease the error. Moreover, a 
performance evaluation model for a cross-flow evaporative cooler was examined by 
Dreyer [43], and the heat and mass transfer coefficients were deduced from the 
measurement data. These models are the early study which lack of accuracy. 
Recently, for the study of an tube assembled IECS, in which hot fluid inside the 
tube flowed in a direction countercurrent to the secondary air, the theoretical model was 
presented by Zalewski [44]. The proposed methodology mainly consisted of four 
differential equations describing the heat transfer process in detail. In order to obtain 
precise simulation results, area of heat and mass transfer between water film and 
secondary air depended on water flow rate was considered. Furthermore, the effect of 
velocity of water falling down on the secondary air in determining Reynolds number 
was also involved in the calculation. Comparison of predictions calculated from the 
model with the measurements from previous experimental tests was made. It was found 
the discrepancy was among 20% and the maximum relative error was only 6% which 
was quite satisfactory. Meanwhile, a correlation of mass transfer coefficient depending 
on the inlet air wet bulb temperature was introduced which greatly reduced the error. 
Heyns [45] evaluates feasibility of the mathematical model proposed by Poppe 
and Merkel for the analyze of an tubular evaporative cooler. Based on their theory, the 
governing equations suitable for the present model was obtained and discussed by the 
author. Correlations of heat and mass transfer coefficients for solving the equations 
were derived from performance tests. After performing the experiments on an 
evaporate cooler with a typical condition, great agreement was found when comparing 
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test results to the simulation results. Moreover, pressure drop of secondary air flowing 
across the bundles was obtained which was seldom studied before.  
In summary, from the acknowledgement of previous work, the conservation 
equations of mass and energy deducted in the infinitesimal element for the plate type 
IECS are also suitable for describing a tubular IECS, except that the boundary 
conditions and heat and mass transfer coefficients have changed.  
2.4.2. Fins study  
In the study of improving tubular IECS overall performance, the application of 
fins, an extension of the tube external surface is an advantage that attracts many 
investigations. It greatly increases the heat and mass transfer area between secondary 
air and water film and changes the heat transfer coefficient. Fins usually have many 
types, among these the plate fins are most widely used because of its compactness and 
lightweight. 
Hasan [46] investigated the performance of two kinds of IECS with the same 
operation condition. One is plain tube evaporative cooler and the other is equipped with 
plate fins, both of them taking up the same system volume. During the development of 
the model for analyzing the thermal performance of plain and finned tube evaporative 
cooler, temperature of spray water was assumed as constant for the simplicity. Test 
results indicated that the cooling efficiency had been enhanced between 92% and 140% 
based on inlet air velocity after adding plate fins to the tube surface. That was explained 
Chapter 2. Literature review 
29 
 
by the greatly increased heat transfer area of the wet side rather than the overall heat 
and mass transfer coefficients which were found lower than that of the plain one.  
Besides, characteristics of an evaporative cooler with wavy fin was evaluated by 
Wiksten [47]. A mathematical model which took into account the wettability of the 
geometry was solved numerically and the results were compared with experiments data. 
The deviation was within the tolerance. Moreover, Song et al [48] developed a two 
dimensional model for estimating heat and mass transfer behavior occurred in an finned 
IECS, which indicated that cooling performance of whole system was enhanced. It was 
also found that the fin thickness had an influence on the efficiency, large fin thickness 
was appreciated.  
2.4.3. Application of tubular IECS 
One application of tubular IECS is evaporative fluid cooler which is popular and 
has been adopted in many fields. It is a device that rejects the unwanted heat to the 
atmosphere acting as an energy conservation resource. The mechanism of IECS 
provides it with the ability of saving energy consumption while being environmentally 
friendly. As lots of investigations have been conducted on it, the efficiency is improved 
a lot. 
Jiang [49] studied a cross-flow type wet cooling tower with fin-tube structure, 
where a novel flow pattern has been proposed. Different from the normal situation 
which makes secondary air flow from bottom to the top part and in a normal direction to 
the process water, but in this part the process water flows in a direction counter to the 
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secondary air and cross flow to the secondary air. Experiments concerning this flow 
arrangement have been done, which therefore generated the correlation for the heat and 
mass transfer coefficients. It was found that the overall system efficiency was enhanced 
with assembled fins at the secondary air side which greatly increase the total transfer 
area rather than the heat and mass transfer coefficient. Moreover, the cooling 
performance of this flow arrangement is better than that of frequently used 
counter/cross flow configuration. 
Qureshi [50] developed a numerical model for the design and rating of an 
evaporative cooler. It comprehensively described the process of heat and mass transfer 
involved in the system and took into account the fouling model. After validating with 
previous experiments, the model was used for the study of the effect of fouling on an 
evaporative cooler performance. It is found that the proposed fouling model was able to 
greatly decrease the overall efficiency up to 66.7% and increase about 5% outlet 
temperature of process fluid.  
2.4.4. Geometry of tube banks 
When a tubular heat exchanger is used to recover heat, circular size is the first 
choice in most circumstances due to its standard configuration and easy manufacture. 
However, since the direction of fluid flowing across circular tube banks is not always 
normal to the tube length and the effect of backflow phenomenon behind each tube 
which decreases the heat transfer intensity [51], special tube geometry with slender 
size such as oval shaped would be a better decision when applied in IECS. It is 
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reported they are able to give rise to small pressure drop and make the system become 
compactness. 
Hasan [52] experimentally examined the thermal and hydraulic performance of a 
plain circular tube and a plain oval tube evaporative cooled heat exchanger. In order 
to compare their behavior of cooling hot fluid, both of them were conducted under the 
same operation conditions. The comparison results of two geometries indicated that 
for the case of oval shape the average friction factor was tremendous declined, which 
was only 46% of that of circular tube, even though this configuration also reduced the 
average mass transfer factor which still took up 89% fraction of that of circular tube. 
In total, the concluded thermal-hydraulic behavior of heat exchanger with oval shaped 
tube was increased and about 1.93-1.96 times compared to circular size.  
Experiment related to an oval tube evaporative cooler was also performed by 
Zheng [53], who improved the correlations of water film heat transfer coefficients as 
well as mass transfer coefficients between water and secondary air. Besides, a 
mathematical model consisting of three differential equations for predicting system 
cooling performance had been developed. The comparison between the numerical 
calculation and experimental results indicated the feasibility of the model.  
2.4.5. Semi-indirect evaporative cooler 
Different from the conventional tubular evaporative fluid cooler, semi-indirect 
evaporative cooler is a novel model which lets primary air sweep across the tube 
bundles while secondary air flows inside the tube, directly contacting with the water 
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film. Figure 2.3 shows the basic configuration of a semi-indirect evaporative cooler. 
As can be seen, porous ceramic is chosen as the exchange medium to effectively hold 
water and ensure the wetting condition on its surface.  
The working principle of this system is derived from two contributions. One is 
the heat and mass transfer process happened inside the tube, where the water film 
transforms heat absorbed from primary air into water vapor which is then carried 
away by the secondary air. The other one is the mass transfer between primary air and 
water film, which relates to the partial pressure of water vapor in the primary air. If 
the ambient air is hot and humid, the dew point and wet bulb temperature of primary 
air are higher than the tube exterior surface temperature, causing water vapor in the 
primary air condensate out to the water film through surface porosities. Oppositely, if 
humidity of primary air is low, water retained at the external porous wall would 
evaporate into the primary air which increases the air humidity. Considering two 
extreme situations here, when there is no porosity existing on the tubes, the system 
operates as an indirect evaporative cooler. However, when the tube porosity is 1 
which means primary and secondary air are combined together, the system becomes 
direct evaporative cooler. Therefore the porous ceramic solids separating two air 
streams make the system behave as a semi-indirect evaporative cooler. 
Since the medium is specially designed, the porosities of ceramic work as a filter 
which only allow the penetration of moist. Spread of bacteria easily caused by the wet 
condition and particles contained in the return air are therefore prevented from 
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permeating into the primary air. Hence, care about the risk of contamination 
associated with semi-indirect evaporative cooler can be eliminated. 
 
 
Figure 2.3 Working principle of semi-indirect evaporative cooler 
Exploration of the semi-indirect evaporative cooler feasibility and optimization 
recently has become the subject for many scholars, especially for Martinez’s team 
[54-56], who have made a valuable contribution. They numerically and 
experimentally investigate the heat and mass transfer characteristics of the system. It 
was found that when semi-indirect evaporative cooler used as an energy recovery, the 
efficiency was greatly improved compared to conventional evaporative cooling 
system, in a range of 40-80%. 
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2.4.6. Gap and objective 
According to the above literature review of tubular indirect evaporative cooler, 
when the primary and secondary air arranged in a cross-flow direction, tube structured 
system would increase the turbulence of secondary air. As a result, the heat and mass 
transfer coefficients between secondary air and water film are enhanced. That is the 
leading reason for the widely application of tubular IECS. However, the flow 
resistance on the other hand is also increased due to the tube disturbance.  
Flat tube with slender geometry is a novel alternative to the conventional tubular 
heat exchanger. Figure 2.4 shows the basic configuration and operation process of a 
flat tubular IECS. As can be seen, the well-streamlined geometry of flat tube not only 
helps to reduce the pressure drop for the air flowing across it, but also extensively 
increases the surface area for heat transfer. Since the fan power is the main energy 
consumption in the IECS, flat tube becomes promising when applied to IECS. 
Furthermore, the frontal area of flat tube is small which results in a compact system as 
more tubes could be contained in a specified volume. All these advantages indicate 
the urgency for the study of a horizontal tubular IECS with flattened tube. However, it 
is found that up to now there is no model and valid data being developed and offered 
to predicate the cooling performance of a flat tubular IECS. Hence in this 
investigation, a computational model of describing the heat and mass transfer process 
in it will be developed. Also, simulation on the corresponding influential parameters 
associated with the tube geometry will be performed in order to provide guidelines for 
the future work. 




Figure 2.4 Configuration of flat tube indirect evaporative cooling system 
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Chapter 3. Computational model 
3.1. Plate type IECS 
In this part, based on the geometry of a cross-flow plate structured IECS, a 
two-dimensional computational model is developed, which comprehensively 
describes the heat and mass transfer process involved in the dry and wet channels. In 
order to make the simulation results approach closely to the real situation, influence of 
surface wetting condition as well as variation of water film temperature would also be 
considered and carefully analyzed.  
3.1.1. Governing equations  
A schematic view of the studied configuration is shown in Figure 3.1, in which 
ambient air is led into the dry channel as the primary air, while in the wet channel the 
secondary air is sent from the bottom of system, flowing in a counter-current direction 
to the spray water. In this system, a container is installed at the bottom in order to 
collect excess water which is then pumped back to the nozzles for the recirculation. 
Before the analysis, several common assumptions have to be made here, as 
follows: 
(1) The system is insulated, no heat is transferred to the outer surroundings. 
(2) Both heat and moisture are transferred vertically, no diffusion occurs in the 
flow direction. 
(3) The plate is not allowable of water vapor penetration 
(4) No radiation happened between the secondary air and spray water. 




Figure 3.1 A schematic view of the studied model with (a) 3-D view of dry and wet passages, (b) 2-D view of the system facade
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(5) The process is a steady state, the air flow properties and thermal states are 
uniform at the inlet. The flow rates is also maintained constant along the way. 
(6) The specific heats of the three fluids are assumed to be constant. 
(7) The interface temperature between water film and air is equal to the water-film 
temperature, and the humidity of the air at the air-water interface is fully 
saturated. 
As can be seen in the Figure 3.1(a), a computational domain is selected which 
only has half the size of a dry and wet channel due to the symmetrical condition. Thus, 
the total mass flow rates of three fluids in the computational domain are: 




p p y pm v L z    (3-1) 




a a x am v L z    (3-2) 
Mass flow rates for water film: 
 w xm L    (3-3) 
To analyze the working process, the computational domain could be divided into 
numerous control elements with infinitesimal surface area of dx dy  as is shown in 
Figure 3.1(a). As a result, the mass flow rates for the primary air, secondary air and 
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Figure 3.2 is the enlarge view of a randomly picked control element, in which the 
detailed heat and mass transfer process at the dry and wet sides are illustrated. To 
explore the mechanism for system cooling, thermal behavior of each fluid in the 
selected element would be analyzed one by one. 
 
Figure 3.2 Amplification of a control element 
(I) Primary air 
The hot primary air release the heat 
pdQ  to the plate which is then absorbed by 
the covered water film, resulting in the dry bulb temperature drop of primary air. 
However, for the practical situation, water is not enough to wet all the parts. In this 
way, some paths of the plate are filled with water which acts as an air-to-water heat 
exchanger, while other paths are complete dry acting as an air-to-air heat exchanger. 
Since the dry area is hard to determine because of the small channel width, the 



























Water-air interface     
  
Water layer 
Symmetry surface – secondary air 
Symmetry surface – primary air 
  
 
Chapter 3. Computational model 
40 
 
infinitesimal element, due to an area of (1 )dxdy  is dry, a part of excess heat 
pdQ  is transferred to the secondary air. Therefore:  
The sensitive heat transferred to falling water from primary air is  
 ( )pw w p wdQ K T T dx dy      (3-4) 
The sensitive heat transferred to secondary air from primary air is 
 ( )(1 )pa a p adQ K T T dx dy       (3-5) 
pwdQ together with padQ constitutes the total heat transfer from primary air 
 ( ) ( )(1 )p pw pa w p w a p adQ dQ dQ K T T dx dy K T T dx dy              (3-6) 
The heat balance of primary air is  
 ( )
p
p p p p p
y
Tdy
dQ m c T dx T
L x

   

  (3-7) 
In which the minus sign indicates that the direction of heat transfer is away from 
primary air.  
The heat balance of primary air which is the combination of equations (3-6) and 
(3-7) gives that  
 ( ) ( )(1 )
p p
p w p w a p a
y
c T




       

  (3-8) 
After rearrange, we obtain 
  ( ) ( )(1 )p y w w p a a p
p p
T L




    

  (3-9) 
where wK and aK  are the overall heat transfer coefficients between primary air 




f p f w





       (3-10) 






f p f w





       (3-11) 
(II) Water film 
In this subsystem, water film not only absorbs the heat transferred from primary 
air but also interacts with secondary air in terms of sensible and latent heat transfer. 
Theoretically, there is a relative thin air layer existing at the water-air interface, its 
temperature is as same as that of water film while the humid state is fully 
saturated[28]. Hence, sensible heat transfer sdQ  depends on the dry bulb 
temperature difference between water film wT and secondary air aT , on the other 
hand latent heat transfer ldQ  which relates with the evaporation depends on the 
water vapor difference between the water-air interface and secondary air. Therefore 
 ( )s a w adQ h T T dx dy      (3-12) 
 ( )l v d sw adQ i h w w dx dy      (3-13) 
in which vi  
is the enthalpy of the water vapor calculated at the local bulk water 
film temperature, given by 
 
0v pv wi i c T    (3-14) 
The sum of heat transfer of 
wpdQ , sdQ  and ldQ  
gives the total energy change of 
water film wdQ , hence 
 
( ) ( ) ( )
w l s wp
v d sw a a w a w w p
dQ dQ dQ dQ
i h w w dx dy h T T dx dy K T T dx dy  
  
           
    
(3-15) 
By concerning about the spray water evaporation, 
 ( )w d sw a
x
mdx




    

  (3-16) 
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After arranging the equation (3-16), we get 
 ( )w x d a sw
m






  (3-17) 






w w w w w w w
x x




dQ c m dy T dy c m T
L y y L
m T m Tdx
c dyT m dy dy dy
L y y y y
 
   
 
   
   
   
  (3-18) 
By taking into account the equation of (3-15), we have 
( )
( ) ( ) ( )
w w w w
w w w
x
v d a sw a a w w p w
m T m Tdx
c T dy m dy dy dy
L y y y y
i h w w dx dy h T T dx dy K T T dx dy  
   
  
   
           
 
(3-19) 
Breaking the brackets and neglecting the second order derivative due to its 
relatively low value, the final formation is achieved as 
  ( ) ( ) ( ) ( )w x d a sw v w pw a a w w p w
w w
T L




      

  (3-20) 
(III) Secondary air 
Secondary air is humidified by the water evaporation. Meanwhile, it transports 
sensible heat with water film and primary air. 
Moisture balance in connection with mass transfer between the water film and 
secondary air is  
 ( )aa d sw a
x
wdx




   

  (3-21) 
After arrangement, it is found 
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  (3-22) 
Correspondingly, the latent heat transfer at the water-air interface due to the 
difference of vapor concentration is then  
 ( )l v d sw adQ i h w w dx dy      (3-23) 
The convective heat transfer associated with water film is given by  
 ( )s a w adQ h T T dx dy      (3-24) 
Hence, total heat transfer of the secondary air consists of ldQ , sdQ  and apdQ  
( ) ( )
                                ( )(1 )
a l s pa v d sw a a w a
a p a
dQ dQ dQ dQ i h w w dx dy h T T dx dy
K T T dx dy
 

          
    
 
 (3-25) 









  (3-26) 
From this point of view, merging these two equations of (3-25), (3-26) results in  
  ( ) ( ) ( )(1 )a x v d sw a a w a a p a
a
i L




      

  (3-27) 
Substituting the equation (3-27) with the total differentiation of the air enthalpy 
(3-28),  
 
0( ) ( )a pa a pv a pv a ai c w c T c T i w         (3-28) 
It is estimated that  
 (1 ( ))( )
pva x a
sw a w a
a a pa
cT L h
w w T T
y m c c

   

  (3-29) 
Chapter 3. Computational model 
44 
 
In which ac  is the specific heat of moist air which is defined as =ca pa a pvc w c . 
In conclusion, a set of equations (3-9) (3-20) (3-22) (3-29) depending on the 
conservation of mass and energy, constitutes the governing equations for a cross-flow 
IECS, which are shown below 
 
 
( ) ( )(1 )
( ) ( ) ( ) ( )
( )
(1 ( ))( )
p y
w w p a a p
p p
w x






sw a w a
a a pa
T L
K T T K T T
x m c
T L






w w T T





    









   
 
  (3-30) 
3.1.2. A general formation of governing equations 
In order to achieve a general form of governing equations for all types of flow 
arrangements, the set of equations obtained above changes to a new version, which is 
 
 
1 ( ) ( )(1 )
2 ( ) ( ) ( ) ( )
3 ( )
4 (1 ( ))( )
p y
w w p a a p
p p p
w x






sw a w a
a a a pa
T L
sign K T T K T T
x m c
T L
sign h w w i T c h T T K T T
x m c
w L
sign h w w
x m
cT L h
sign w w T T





     

 
       






    
 
 (3-31) 
(1) Parallel/counter-flow configuration 
This configuration mainly consists of four types of flow arrangements with water 
sprayed from top side, which is shown in Figure 3.3, where P, W, S are short for 
primary air, water film and secondary air. Each of them has the same channel width 
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and fluid conditions. As can be seen in Figure 3.3, type (a) together with type (b) has 
the primary air and secondary air flowing in the parallel direction, while type (c) and 
(d) represents the counter-flow configuration of primary and secondary air. Here, we 
assume that the water flows in the positive x-axis direction. Therefore, symbols in the 
governing equations for each kind is estimated in Table 3.1 
 
Figure 3.3 Four types of flow arrangement of parallel/counter-flow configuration. 
P - Primary air, W - Water film, S - Secondary air 
Table 3.1 List of symbols for the general governing equations of 
parallel/counter-flow 
 px  wx  ax  Sign1 Sign2 Sign3 Sign4 
Type (a) x  x  x  + + + + 
Type (b) - x  x  - x    +     
Type (c) x  x  - x  + +     
Type (d) - x  x  x    + + + 
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(2) Cross-flow configuration 
Different from parallel/counter-flow situation, cross-flow configuration only has 
two flow arrangements, which is depicted in Figure 3.4. 
 
Figure 3.4 Flow arrangement of cross-flow configuration.  
P - primary air, W - water film, S - Secondary air 
 
As can be seen, both water film and secondary air flow along the y axis, in a 
cross direction to the primary air which flows in the positive direction of x axis. Here, 
the water film is assumed to flow in the negative direction of y axis. Type (a) 
indicates that water film and secondary air are in the current direction while type (b) 
means they are in the counter direction. Details related to the governing equations are 
presented in Table 3.2. 
Table 3.2 List of symbols for the general governing equations of cross-flow 
configuration 
 px  wx  ax  Sign1 Sign2 Sign3 Sign4 
Type (a) x  - y  - y  +       
Type (b) x  - y  y  +   + + 
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3.1.3. Heat and mass transfer coefficients 
Heat transfer coefficients 
To calculate the heat transfer between dry and wet channels, the estimation of 
overall heat transfer coefficients in the equations of (3-10) and (3-11) is necessary. 
Figure 3.5 illustrates a schematic view of heat resistances in the overall coefficients. It 
is found that these heat resistances are connected in series, and their definition and 
function are listed in Table 3.3. 
 
Figure 3.5 Schematic view of heat resistances between dry and wet channels 
In Table 3.3, the only difference between these two overall heat transfer 
coefficients wK and aK  lies in the factor of 5R  which is the production of 
incomplete wetting condition. In this investigation, fouling at dry and wet channel is 
not considered and the wall thermal resistance is also neglected because of the small 
width and high conductivity of the plate [36]. Hence, the determination of 
ph , ah and
wh becomes important. 
 




2m K W ) 
2R
(
2m K W ) 
3R
(
2m K W ) 
4R
(
2m K W ) 
5R
(
2m K W ) 
wK  1 ph  
Fouling of 
dry channel 
plate plate   
Fouling of 
wet channel 
1 wh  
aK  1 ph  
Fouling of 
dry channel 
plate plate   
Fouling of 
wet channel 
1 ah  
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The convective heat transfer coefficient of primary air flowing in a channel 
depends on the flowing state [57]. 
For the laminar flow:  
 8.235pNu    (3-32) 















  (3-33) 









   (3-34) 
The heat transfer coefficients of secondary air flowing across the wet channel is 
based on the equations given by Stoitchkov [38] who deducted it from the 
experiments. Therefore 
 
0.68 0.0836.31( ) ( )a a y ah v L de
   (3-35) 
For the solution of heat transfer coefficient of water film flowing steadily and 































  (3-36) 
where w represents the thickness of the water film ( m ), N is the total plate 
number, and  is the linear water flow rate ( kg m s ). 
Chapter 3. Computational model 
49 
 
Mass transfer coefficient 
Usually, the derivation of the mass transfer coefficient is difficult and 
complicated, however the introduction of Lewis factor offers an easy way to access it. 
Lewis factor (
fLe ) different from Lewis number ( Le ), indicates the relative rate of 
heat and mass transfer during an evaporation process. In some theoretical 
investigations of IECS, Lewis number is frequently mistaken for Lewis factor, leading 
to the discrepancy of simulation and experimental results [58]. Therefore, it is 
necessary to elucidate the definition and relationship between these two parameters 







    (3-37) 






    (3-38) 










  (3-39) 
The Lewis factor in this model firstly is treated as a unity, which is the same 
assumption made by previous work. Later, this parameter is further studied to 
understand its influence on the performance of an IECS.  
3.1.4. Boundary conditions 
For the primary air which is evenly distributed at the inlet, the boundary 
condition is  






p pi p y p
T T
x w w






  (3-40) 
For the secondary air which is evenly distributed at the bottom of the system, the 




a ai a x a
T T
y w w





  (3-41) 
When indirect evaporative cooling system is open-loop, which means that the 
water is for one time usage, the temperature and mass flow rate is uniform at the inlet 
 :y w wiy L T T    (3-42) 
However, in the most cases, indirect evaporative cooling system is designed into 
closed-loop type, where the large amount of spray water employed is circulated by a 
pump for the water conservation. Moreover, there exists a supply water device to add 
new water to the system in order to offset the evaporation loss. Since the evaporation 
loss compared with mass flow rate of circulated water is small and the added water 
temperature usually is close to the inlet water temperature. Therefore, it provides the 
system with the boundary condition that inlet and outlet spray water temperature 
should be the same [29]. Hence 
 
:










  (3-43) 
3.1.5. Air properties 
During the simulation of various air conditioning systems, the determination of 
moisture air properties is a necessary process to make the computational results 
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approach the real performance. The basic psychrometric properties of moisture air, a 
mixture of dry air and water vapor, consist of dry bulb temperature (T ), wet bulb 
temperature ( wbT ), dew point temperature ( dpT ), relative humidity ( RH ), humidity 
ratio ( w ) as well as enthalpy. If the dry bulb temperature together with another 
property is available from the measurements, the rest could be easily obtained 
according to them. A fast and convenient way to get these data is to read them from a 
psychrometric chart. However, when the calculation is large and complicated, straight 
reading becomes illogical and inaccurate because of the error accidently brought in. In 
this way, it is crucial to implant a computer subroutine regarding to the moisture air 
psychrometric properties as well as air thermodynamic properties before running the 
simulation program.  
3.1.5.1. Saturated vapor pressure  
Vapor pressure measures the amount of water vapor in the air, saturation vapor 
pressure means the air is saturated, after which the moisture inside will condense. The 
calculation of its value is important and requires accuracy as it is the basis for 
calculating other formulas, especially during the evaporation process. The saturation 
vapor pressure is solely determined by the air temperature, and it rises with higher air 
temperature. According to the ASHRAE handbook [59], the saturation vapor pressure 




C is calculated as 
 2 3
1 2 3 4 5 6ln lnvs k k k k kP C T C C T C T C T C T        (3-44) 
In which, 3
1 5.8002206 10C    ; 2 1.3914993C  ; 
2
3 4.8640239 10C
   ; 
5
4 4.1764768 10C
  ; 85 1.4452093 10C
   ; 6 6.545973C  ; 273,( )kT T K  .  
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3.1.5.2. Humidity ratio and relative humidity 
Humidity ratio indicates the weight of water vapor contained in per unit mass of 








  (3-45) 
where vP is the partial vapor pressure under the given condition, P is the local 
barometric pressure.  
In order to obtain the partial vapor pressure vP , relative humidity is the essential 
part, a ratio showing the real water vapor pressure to the saturated water pressure with 






   (3-46) 
These concepts are the first concern in the development of evaporation cooling 
system. They are an indication of the amount of water content can be absorbed by the 
air before it reaches the saturation point. In other words, it is the potential of 
transferring latent heat. As in an IECS, latent heat takes up the leading role in 
decreasing the primary air temperature [60]. Hence, lower relative humidity of 
secondary air is welcoming, which would be proved in the next section. 
3.1.5.3. Enthalpy 
Moisture air enthalpy is the summation of internal heat energy of dry air and water 
vapor, and is expressed as 
 1.006 (2501.6 1.775 )vi T w T     (3-47) 
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3.1.5.4. Wet bulb temperature 
Wet bulb temperature is the temperature when the air reaches the saturation point 
through an adiabatic process, while keeping the moisture air enthalpy the same. On the 
basis of [61], we have 
 










  (3-48) 
in which, w is the air humidity ratio; sw is the saturated air humidity ratio; wbT is 
the wet bulb temperature. Thus, in order to achieve the wet bulb temperature, an 
iteration procedure is needed.  
3.1.5.5. Air thermodynamic properties 
Since air thermodynamic properties such as density, viscosity and thermal 
conductivity change along with the temperature, correlations designed for them are 
valuable in the simulation. Their calculations are represented as follows, according to 
































  (3-51) 
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3.1.6. Simulation procedure 
The set of governing equations of (3-9), (3-20), (3-22) and (3-29) together with 
the boundary conditions compose the computational model for a plate structured IECS 
with cross-flow configuration. At the beginning of simulation, the input data including 
the device geometry ( xL , yL , pz , az ), velocity of air streams ( ,p av v ) or mass flow rate 
( ,p am m ) and initial properties of all the fluids, is required. Based on these data, then a 
comprehensive analysis and calculation is performed to determine the system heat and 
mass transfer coefficients. The system is discretized by dividing the plate into 
infinitesimal control elements. Then the governing equations in each element are 
decoupled and solved with the utilization of 4th order Runge-kutta method. The 
calculated results for one element are used as the input data for the next element. The 
process continues when all the parameter distributions along the way are obtained. This 
constitutes the minor iteration. While the major iteration depends on the comparison of 
calculated water film outlet temperature and the input water temperature, which is 
accomplished when these two temperatures are identical. Hence, it is found that the 
whole simulation continues until the major and minor iterations are simultaneously 
satisfied. Figure 3.6 shows a flowchart listing the simulation procedure. In summary, 
the circulation process for achieving water temperature which is unknown from the 
beginning, is essential. Once the water inlet temperature is known from the 
measurement, only one iteration is needed to obtain the temperature distribution. 
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Figure 3.6 Flowchart of the simulation procedures of a plat type IECS 
  
Chapter 3. Computational model 
56 
 
3.2. Flat Tubular IECS 
In this part, a flat tubular indirect evaporative cooler is theoretically studied with 
the presentation of a mathematical model describing the heat and mass transfer process 
happened inside. As the flow arrangement is cross-flow, the numerical model is 
two-dimensional in order to obtain the distributions of fluids parameters. Similar to the 
plate type condition, leading factors such as surface wettability and temperature change 
of water film along the flowing path are taken into account. Besides, influential 
parameters would be discussed by analyzing their effects on the system cooling 
performance  
3.2.1. Governing equations 
As can be seen in Figure 3.7, the primary air is flowing inside the tube along the 
axis while secondary air coming from the bottom of the system sweeps across the tube 
external surface, perpendicular to the primary air flow direction. At the same time, the 
water sprayed from the top nozzle directly contacts with secondary air. Since the 
primary is separated from the wet condition, no worries should be paid to the 
contamination. On the other hand, Figure 3.8 shows the tube bank layout and its 
arrangement. It is indicated that the tubes are arranged in line and the tube bundle is 
characterized by several parameters, which are tube dimension ( ,a b ), longitudinal tube 
spacing ( lS ), transversal tube spacing ( tS ), tube length ( xL ) and number of tubes 
contained in each column ( tN ) and row ( lN ). Owing to the flow configuration and 
periodical and symmetrical boundary conditions, calculation of half one column tubes  




Figure 3.7 Schematic view of one flat tube  
 
Figure 3.8 Tube bank dimension and layout in the system  
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could represent the whole system performance, therefore the computational domain 
which is shown in Figure 3.8 with the red line is chosen for the analysis.  
Before the deducing of the governing equations, several assumptions have to be 
made.  
(1) The system is insulated from ambient environment, no heat is transferred to 
the surroundings. 
(2) It is a steady-state process, heat and mass are transferred perpendicularly to 
the tube wall, and there is no diffusion occurring in the flow direction. At the 
inlet, the properties and thermal states of three fluids are uniform. 
(3) No water vapor penetrating across the tube wall to the primary air and the 
heat transferred between the secondary air and spray water through radiation is 
not taken into consideration. 
(4) The specific heat coefficients of primary air, secondary air and water film are 
constant in the range of temperature variation. 
(5) Temperature of water-air interface is equal to the water temperature, and its 
humid state is fully saturated. 
To better understand the mechanism happened in a tubular IECS with cross-flow 
configuration, the system within the computational domain is divided into numerous 
infinitesimal control elements. According to the assumption that heat and mass transfer 
along the flow direction is not considered, meaning all the elements are mutually 
independent not being affected by others, parameters change of one fluid in the control 
element therefore is the production of other two fluids.  
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Figure 3.9 is the enlarged view of a randomly chosen control element which is 
shown in the Figure 3.7, meanwhile the behavior of heat and mass transfer process in it 
are comprehensively illustrated. It is indicated that the primary air gives away certain 
amount of heat 
pdQ  to the tube wall. Since the amount of spray water is hard to 
determine for a specific system, in most cases the flow path of tube external surface is 
not completely wet. Hence, the excess heat 
pdQ  is then absorbed by the water film 
covering the exterior tube wall (
pwdQ ) and the secondary air flowing around the tube 
(
padQ ). For the wet side, the amount of sensible heat transfer between water film and 
secondary air depends on their dry bulb temperature difference. It is well-known that 
heat spontaneously moves from hot body to cold body, hence when the secondary air 
temperature is higher than that of water film, water film would absorb heat from both 
two air streams while falling along y axis. Vice versa, the water discharges heat to the 
secondary air. For the case of latent heat transfer which is associated with the water 
evaporation, the mass transfer is based on the humidity difference between secondary 
air and the water-air interface. In this way, evaporation and sensible heat transfer lead 
to the internal energy change of both water film and secondary air.  
From above analysis, the mechanism of heat and mass transfer involved in a 
control element is exactly the same as that of a cross-flow plate type IECS, and due to 
the slender geometry of flat tube, the governing equations concluded in episode 3.1.1 is 
also applicable for this type of tubular IECS. Hence the lengthy and complicated 
deduction process is omitted here while the set of governing equations is listed as  
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Figure 3.9 Enlarged view of a selected control element in flat tubular IECS 
3.2.2. Boundary conditions 
At the system bottom, here exists a container which is filled up with the falling 
water. To efficiently make use of the water, a pump is utilized to transform excess water 
in the container to the top nozzle. Due to the introduction of recirculation of spray water, 





wdQ     (3-53) 
Besides, for the primary air  
 ( 0)p piT x T    (3-54) 
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  (3-55) 
Boundary conditions of primary air and secondary air are based on the fact that the 
air properties at the inlet are known from measurements and uniformly distributed. 
3.2.3. Flat tube geometry 
Governing equations of (3-52) together with boundary conditions of (3-53)-(3-55) 
form the numerical model for solving and obtaining the parameter distributions in an 
indirect evaporative cooling system. However, to make the model suitable for the 
designed geometry, which is a flattened tube IECS with cross-flow configuration, 
further analysis have to be made. As can be seen, the flat tube dimension is governed by 
the tube long axis length ( a ) and short axis length ( b ). Normally, the long axis length 
is several times of that of short axis, therefore, the tube could be regarded as a closed 
channel and it is assumed that 
1. Water film only covers the tube external surface. Between the tubes, there is 
no water film being formed. 
2. Each tube included in the column is mutually independent, the interaction 
between two tubes is not taken into account.  
3. For the falling down water film, its path around one tube is calculated with half 





   , and the water amount applied for the 
calculation is half the flux because only half the column is chosen as the 
computation domain.  
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4. The computational height of the selected domain is the combination of the 
entire flat tube perimeter contained in one column ( tN ) and the tube spacing 
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Before calculating the heat and mass transfer coefficients, it is necessary to 
develop suitable Reynolds number for the flat tube geometry. For the air flowing in the 
non-circular tube, usually the hydraulic diameter (
hyde ) is chosen for the Reynolds 















 , is able to offer an diameter with the same cross sectional area 
of that of the flat tube. Since the mass flow rate of air in the flat tube can be kept the 
same as that in the plain tube by using equivalent diameter, the comparison of these two 
diameters in the investigations indicated that the equivalent diameter provided a better 
and closer computational results to the experiments [63, 64]. Hence, in this study the 
equivalent diameter is treated as the characteristic diameter for the flat tube, Reynolds 







   (3-56) 
While for the case of secondary air flowing across the flat tube bundle, the tube 
long axis length b is chosen as the characteristic length for the calculation of Reynolds 





   (3-57) 
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Correlations for the primary air 
The mean heat transfer coefficients for the primary air flowing inside the tube is 
determined with correlations from [66]. When the flow is laminar which is 







1 0.016 Re Pr
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  (3-58) 
When the flow reaches the intermediate and fully developed turbulent flow regime 
( Re 2300p  ), the equation becomes 
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  (3-59) 
in which 
pf is the friction factor for primary air which is calculated as  
  
2
101.82log Re 1.64p pf

    (3-60) 
Since the flow resistance of primary air is the production of frictional drag along 
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     (3-61) 
where
,p lf is the local resistance coefficients for the inlet and outlet. Here it is set as 
2. 
Correlations for the water film 
For the falling water film, correlations summarized in the study of [67] is 






   (3-62) 
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However, according to the study the Nusselt number is highly related to the 
condition of secondary air, which is divided into three parts 
1. 690 Re 3000a   
0.3 0.15 0.61Re Re Prw w a wNu A     (3-63) 
2. 3000 Re 6900a   
0.3 0.62Re Prw w wNu B     (3-64) 
3. Re 6900a   
0.3 0.36 0.66Re Re Prw w a wNu C
     (3-65) 
The constants in the above equations are set as
33.3 10A   , 21.1 10B   , 
0.24C  , and these equations are only valid for the following ranges: 4.3 Pr 11.3w   
and 160 Re 1360w  . Then the heat transfer coefficient of water film is obtained 















  (3-66) 
Correlations for the secondary air 
A more and precise correlation for calculating the heat transfer coefficient of air 
flowing across a tube bundle recently is developed by Zukauskas [68]. However, due to 
the fact that it only considers the influence of relative transverse pitch, direct 
application would make the result deviate from the reality. Thanks to the efforts made 
in [69], this correlation is improved by taking into account the effect of relative 
longitudinal pitch. Thus, the enhanced correlation is accurate enough for this study.  
For 3 51.0 10 Re 2.0 10a      
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   0.84 0.360.021Re Pr 1 2.26 exp 1.675a a a lNu r      (3-67) 
For 5 62.0 10 Re 2.0 10a      
   0.63 0.360.27Re Pr 1 2.26 exp 1.675a a a lNu r      (3-68) 
After obtaining the heat transfer coefficients of secondary air, the mass transfer 
coefficient is derived by using Lewis factor, 
f a d aLe h h c . 
In order to get the pressure drop for secondary air, equations summarized in the 
study of Gaddis-Gnielinski [70] are used. It is indicated that the total friction factor ( af ) 
for air flowing across a tube bank consists of two contributions, which are laminar and 
turbulent parts.  
For the laminar contribution: 
      20.5 1.6, 280 0.6 0.75 4 Rea lam l t l t af r r r r       (3-69) 
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The total friction factor is concluded as 
     , , , 1 exp 1 1000 2000a a lam a tur a c tf f f f r          (3-71) 
,a cf  in the equation (3-71) accounts for the inlet and outlet effect on the local 
pressure drop. When 5 10tN  ,   2, 1 1 1 10a c t tf r N  , and when 10tN  , 
, 0a cf  .  









    (3-72) 
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3.2.4. Simulation procedure 
The governing equations of (3-52) together with boundary conditions compose the 
computational model for a flattened tube IECS. As the flow arrangement is cross-flow, 
the proposed model is two-dimensional to get the parameter distributions of three fluids. 
Before the simulation, it is required to input basic data and air initial properties, which 
are the geometry of computational domain, velocity of air streams at the minimal 
cross-sectional area (
pv , av ) or mass flow rate ( pm , am , wm ) and air properties ( ,pi aiT T ). 
Based on these data, a comprehensive analysis and calculation is performed to 
determine the corresponding heat and mass transfer coefficients. The system in the 
computational domain is then divided into many infinitesimal control elements which 
are then calculated one by one. By utilizing 4th order Runge-kutta method, the set of 
governing equations are discretized and solved for each element and the calculated 
results are treated as the input data for the next element. The whole simulation process 
is numerically solved until the boundary condition for recirculation water (3-53) is 
fulfilled. The specific procedure is listed in the flow chart as is shown in Figure 3.10. In 
this simulation procedure, the iteration process for achieving recirculation water 
temperature is most important which is unknown from the beginning. Once the water is 
for one-time use and the inlet temperature is known from the measurement, then only 
one iteration is needed to obtain the cooling performance of the system. 
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Figure 3.10 Flow chart for the simulation of a flat tubular IECS. 
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Chapter 4. Results and discussion  
4.1. Validation of the model 
In order to evaluate its correctness and applicability for the further study, 
the proposed two-dimensional numerical model for the estimation of the heat 
and mass transfer process in an IECS is validated with several experimental 
results.  
Firstly, experiment results taken for the comparison is from [38], where the 
plates of the heat exchanger are designed into the square size and range from 
400 to 700mm with the hydraulic diameter of both dry and wet channel being 
settled at 7mm. Also, the air streams flowing through the system have the same 
mass velocity of 24a pv v kg m s    , while the mass flow rate of water 
film is half of that of secondary air. The detailed simulation conditions and the 
comparison results are shown in Table 4.1. It is found that the deviation of water 
temperature and wet bulb efficiency is within ±5%, which indicates the 
accuracy of the developed model.  
The second validation data is derived from the experiments done by 
Gomez [71, 72], who studied the performance of an cross-flow wet surface heat 
exchanger. According to the installation of apparatus, the geometry ( H W L  ) 
of the system is constructed as 0.62 0.18 0.23( )m  . Twenty eight panels 
formed with 4mm channel width constitute totally 6m
2 
heat transfer area. In the 
experiment, return air from a climate chamber having a constant flow rate of 
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3260m h  is sent into the wet passages to reduce primary air temperature. On 
the other hand, outdoor ambient air is used as the primary air which varies its 
flow rate from 200 to 400
3m h  and dry bulb temperature from 30 to 40oC. The 
resulted validation results are shown in Figure 4.1.  
Table 4.1 Comparison of the model with first experiment data  































400 36 28 23.66 24.03 1.56 0.8262 0.8424 1.96 
400 32 26 21.49 21.87 1.77 0.8132 0.8266 1.65 
400 27 24 19.81 20.19 1.92 0.8045 0.7964 -0.99 
400 24 22 17.73 18.07 1.92 0.7904 0.7848 -0.71 
500 36 28 23.58 23.94 1.53 0.8538 0.8899 4.23 
500 32 26 21.42 22.01 2.75 0.8407 0.8555 1.76 
500 27 24 19.77 20.22 2.28 0.8317 0.8353 0.43 
500 24 22 17.69 18.09 2.26 0.8174 0.8232 0.71 
600 36 28 23.51 23.93 1.79 0.8710 0.9036 3.74 
600 32 26 21.35 22.01 3.09 0.8578 0.8685 1.25 
600 27 24 19.72 20.22 2.54 0.8487 0.8458 -0.34 
600 24 22 17.65 18.11 2.61 0.8344 0.8338 -0.07 
700 36 28 23.45 23.91 1.96 0.8822 0.9115 3.32 
700 32 26 21.30 21.99 3.24 0.8691 0.8761 0.81 
700 27 24 19.69 20.22 2.69 0.8600 0.8517 -0.97 
700 24 22 17.62 18.10 2.72 0.8457 0.8401 -0.66 






Figure 4.1 Comparison of the proposed model with the second experiment 
under condition (a) flow volume of primary is 200m
3
/h; (b) flow volume of 
primary is 300m
3
/h; (c) flow volume of primary is 400m
3
/h  
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In Figure 4.1, 
pT  represents the total temperature drop of primary air 
and wb is the wet bulb efficiency. It is found that the largest error in terms of 
temperature drop is 0.34
o
C and the corresponding relative deviation is 4.94% 
which are within the permission. Hence, simulation and experimental results 
of entire conditions are in good agreement although the calculation is a little 
bit higher. This can be explained by the assumption of fully wetting condition 
during the simulation which in certain content leads to this deviation from 
reality. 
Furthermore, the third data corresponds to the laboratory experiments of 
an indirect evaporative cooler conducted by Zhou [73, 74]. The dimension of 
the heat exchanger is 370×570×355mm, consisting of 34 dry passages and 35 
wet passages. Each of them has the width of 5p az z mm  . More information 
related to air streams properties and results of comparison are summarized in 
Table 4.2.  
As can be seen in Table 4.2, outlet temperature of primary air obtained by 
present model has a good proximity to the experiments as the largest relative 
error of temperature is only 1.4.  
Based on the above validation, it is estimated that the proposed model for 
illustrating cooling performance process of an IECS agrees well with the 
existing experimental results. The deviation is small which proves the 
correctness of the proposed model and makes it feasible for the further 
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evaluation of key parameters in order to gain more knowledge of the system 
cooling mechanism. 







































1009.3 38.2 20.5 802.11 37.95 20.24 28.05 28.41 1.28 
808.07 37.98 20.43 641.32 38.22 20.33 27.70 27.82 0.43 
615.56 38.13 20.43 486.3 38.19 20.25 27.20 27.35 0.55 
408.43 38.12 19.92 320.66 38.12 20.02 26.00 25.63 -1.40 
1009.9 38.17 23.27 802.71 38.07 23.17 29.50 29.71 0.71 
1009.9 37.91 24.92 800.50 38.05 25.03 30.30 30.64 1.12 
 
4.2. Plate type IECS 
When conerning about an plate type IECS, wet bulb efficiency is 
considered to describe the cooling performance better and more accurate than 
the normally defined efficiency. Hence, the wet bulb efficiency defined in (4-1) 
and the outlet temperature of primary air are regarded as two standards in 











                      (4-1) 
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4.2.1. Typical simulation of an IECS 
To better illustrate the heat and mass transfer process occurred in a plate 
type IECS, simulation of a typical condition is carried out. The primary air is 
from outside ambient air, having the condition of 
35 , 40%, 3pi p pT C v m s    , while return air with the property of 
25 , 60%, 2ai a aT C v m s     is used as the secondary air. For the heat 
transfer medium, the square sized plates ( 0.5x yL L  ) are utilized which 
compose the flow passages with 5mm channel width. The calculated 
parameter distributions of three fluids flowing along the length are presented 
in Figure 4.2.  





continually gives away its heat to the wet channel along the flowing way. 
Temperature of sprayed water film climbs at first owing to the absorption of 
heat transferred from dry channel. However, the boundary condition of the 
circulated water film provides it with the ability of self-adjust, leading to the 
decrease of temperature after it reaches the highest level. This causes the water 
film have a relative lower temperature at the inlet and outlet entrance region. 
For the case of secondary air, since its dry bulb temperature is higher than that 
of water film, it reduces the temperature along the flowing direction. On the 
other hand, by carrying away the evaporation of sprayed water, humidity ratio 
of secondary air is increased from 0.012kg/kg to 0.0175kg/kg. Initially, it is 
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found that the humidity ratio of secondary air changes greatly. However, with 
more moisture transferred to it, the variation trend becomes mild which 
indicates that the ability of secondary air to absorb vapor declines as it is 
approaching the saturation point. Furthermore, the wet bulb temperature of 
secondary air related to the humidity ratio is also increased, proving the IECS is 
a non-adiabatical process. All these situations correspond well with the 
illustration depicted on the psychrometric chart (see Figure 2.1(b)). From this 
point of view, the system performance is affected by several key factors, 
dictating the necessity of exploring the cooling mechanism by investigating 
some key parameters. 
 
Figure 4.2 Parameter distributions in a plate type IECS under the typical 
condition 
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4.2.2. Effect of inlet temperature of primary air 
In order to investigate the applicability of proposed system with different 
climates, inlet temperature of primary air therefore changes from 25 to 45
o
C 
while other parameters are kept same with typical model as 40%p  ,
3pv m s , 25aiT C  , 60%a  , 2av m s , 5z mm . The computational 
result is illustrated in Figure 4.3, and it is found that outlet temperature of 
primary air increases with its inlet temperature, and the system wet bulb 
efficiency is also enhanced but with small amplitude. This can be explained by 
the fact that with the growth of inlet temperature of primary air, the temperature 
difference between dry and wet channels are enhanced, causing the increase of 
heat transfer rate and the system efficiency. But as the cooling is subject to the 
exchanger size, further decrease of primary air temperature is hindered.  
 
Figure 4.3 Effect of inlet temperature of primary air   
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4.2.3. Effect of inlet dry bulb temperature of secondary air 
To explore the role of secondary air in cooling the pirmary air, its inlet dry 
bulb temperature is firstly studied by changing between 21 and 35
o
C while 
maintaining wet bulb temperature at 
, 19ai wbT C  . Other parameters are kept 
as 35piT C  , 40%p  , 3pv m s , 2av m s , 5z mm . Figure 4.4 shows 
the simulation result, which indicates that inlet dry bulb temperature of 
secondary air nearly has no influence on the outlet temperature of primary air 
and system efficiency. Therefore, further conduction must be performed on 
other properties of secondary air. From previous conclusion that dry bulb 
temperature together with another property can determine the rest parameters, 
hence in the next section, wet bulb temperature is discussed which together 
with this aiT  would explain the mechanism of IECS. 
 
Figure 4.4 Effect of inlet dry bulb temperature of secondary air 
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4.2.4. Effect of inlet wet bulb temperature of secondary air 
In this part the wet bulb temperature of inlet secondary air is studied to 
further understand the role of secondary air. Here, the system is settled as 
35piT C  , 40%p  , 3pv m s , 2av m s , 5z mm , while wet bulb 
temperature of inlet secondary air ranges from 12 to 24
o
C, and meanwhile 
keeps its dry bulb temperature at 25
o
C. As is shown in Figure 4.5, outlet 
temperature of primary air has a tremendous variation with the increasement 
of inlet wet bulb temperature of secondary air. Primary air is able to achieve as 
low as 23.5
o
C when the secondary air wet bulb temperature is 12
o
C. At the 
same time, since both the parameters of 
poT  and ,ai wbT in the definiation of 
wb  change, wb  accordingly is not linearly increased. Although high wet 
bulb temperature can lead to a relative high efficiency, this trend obviously is 
not attractive enough compared to the advantages brought by the low 
temperature of pirmary air. 
 
Figure 4.5 Effect of inlet wet bulb temperature of secondary air  
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From the acknowledgement made in episodes 4.2.3 and 4.2.4, it is easy to 
conclude that the driving force of heat transfer between dry and wet channel is 
based on the difference between dry bulb temperature of primary air and wet 
bulb temperature of secondary air, which also indicates the leading role of latent 
heat transfer over sensible heat transfer. Since the wet bulb temperature is 
associated with the air relative humidity, to some extents, if there exists a way to 
dehumidify secondary air before it entering the exchanger, the overall cooling 
performance of primary air can be greatly improved.  
4.2.5. Effect of velocity of primary air 
Since velocities of air streams are related to the flow volume flowing 
across the heat exchanger, their influence is important. Initially, velocity of 
primary air has been studied by ranging it from 2 to 5m/s at the condition of 
35piT C  , 40%p  , 25aiT C  , 60%a  , 2av m s , 5z mm . The results 
are presented in Figure 4.6. As it is indicated, velocity of primary air has a 
chilling influence on the system effectiveness because the increase of air 
velocity means the rise of primary air flow rate. Hence, with the settlement of 
secondary air velocity, less flow rate of primary air enables heat and mass 
transfer in the system become much more complete, resulting in the increase of 
system efficiency. In addition, low velocity of primary air makes it stay long 
in the exchanger, therefore more heat is removed from the dry channel.  




Figure 4.6 Effect of inlet velocity of primary air  
4.2.6. Effect of velocity of secondary air 
After the study of primary air velocity, estimation of the effect of 
secondary air velocity is displayed in Figure 4.7. As can be seen, velocity of 
secondary air is increased from 1 to 6m/s, while keeping primary air velocity at 
3m/s. From the figure, it is found that lower outlet temperature of primary air is 
achieved by increasing the velocity of secondary air which is related to the flow 
rate. Since larger flow rate of secondary air provides it with the ability to absorb 
more moisture, the promotion of water evaporation accelerates the heat and 
mass transfer process in the wet channel. Hence, better cooling effectiveness is 
achieved. However, value of av should be controlled within certain amounts in 
order to prevent the probability of blow-dryed plate.  




Figure 4.7 Effect of inlet velocity of secondary air  
According to the above two episodes 4.2.5 and 4.2.6, where flow rate ratio 
of secondary air to primary air ( /a pv v ) changes from 0.4 to 2, rise of cooling 
performance is found with the growth of flow ratio. As can be seen, the 
alternation of 
pv enables a larger temperature drop than that of av . However, 
high air velocity would lead to the increase of pressure drop, which demands 
more fan power. In this way, a rational choice of primary air velocity and flow 
rate ratio in terms of cooling performance and pressure drop is essential for the 
system operation.  
4.2.7. Effect of plate geometry 
For the case of studying plate geometry, system length ( xL ) and height 
(
yL ) have been modified one by one from 0.2 to 1.2m under the condition of 
35piT C  , 40%p  , 25aiT C  , 60%a  , 2av m s , 5z mm . Firstly, 
Figure 4.8 illustrates the effect of plate length on the cooling performance. As 
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can be seen, the augment of plate length greatly reduces the outlet temperature 
of primary air. There are two reasons ascribing to this phenomenon, one is the 
increased heat transfer area which ensures more complete cooling of primary air, 
and the other one is the increased mass flow rate of secondary air which offers 
the capacity of absorbing more evaporated vapor.  
 
Figure 4.8 Effect of plate length  
On the other hand, the modeling result of altering plate height is indicated 
in Figure 4.9. Different from the situation of plate length, it is found that with 
the growth of plate height, system efficiency is declined. Apparently, 
lengthening plate height equivalently increases the flow rate of primary air, 
unfortunately causing more water vapor transferred to the secondary air. The 
approach of secondary air to the saturation point diminishes the cooling 
performance for the primary air at upper part of the plate. Hence, the overall 
efficiency is reduced. In Figure 4.8, secondary air is approaching saturation 
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point at the exit position by increasing the channel length, weakening the heat 
and mass transfer rate at the top part of plate. Therefore, the enhancement of 
channel length reduces the outlet temperature of primary air by increasing the 
heat and mass transfer area but in a non-linear manner. While in Figure 4.9, this 
effect is caused by the temperature change of circulated sprayed water which 
reaches a new balanced state with the increase of plate height. Since the 
variation mechanisms of two situations are different, the relationships of Tpo 
and εwb are accordingly different. 
 
Figure 4.9 Effect of plate height  
4.2.8. Effect of channel width 
In this part, investigation of channel width ranging from 3 to 15mm under 
the condition of 35piT C  , 40%p  , 3pv m s , 25aiT C  , 60%a  ,
2av m s , has been performed. In this thesis, the thickness of water film is 
important and calculated based on the water flow rate with equation (3-36). As 
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presented in Figure 4.10, the system efficiency is enormously affected by the 
flow channel width. When the width is designed at 3mm, outlet temperature of 
primary air can be cooled to 24
o
C and the wet bulb efficiency reaches as high as 
70%. Then the rise of channel width leads to the temperature increase of outlet 
primary air and the reduction of system efficiency. This effect is the result of 
the increase of primary air’s mass flow rate and the rise of heat transfer 
coefficient when small channel width is provided. In this way, small channel 
width seems appealing for the IECS. However, since the resulted small 
hydraulic diameter with decrease of channel width, the pressure drop for the air 
streams would be increased. Therefore, a suitable channel width is important for 
the application which saves the energy consumption.  
 
Figure 4.10 Effect of flow channel width 
4.2.9. Effect of wetting condition  
Generally, the heat coming from dry channel is absorbed by the water film 
covering the medium surface to cool the primary air temperature. When taking 
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into the consideration of plate wetting condition ( ), heat and mass transfer 
mechanism occurred in the wet channel has been changed. In the wet channel, 
the wet path carries away the excess heat from primary air and transforms it into 
water evaporation, as it is usually identified. While the dry path happens the 
air-to-air heat transfer depending on the temperature difference of two air 
streams. Once the secondary air temperature approximates to that of primary air, 
there exists no heat transfer. In addition, it is found that latent heat has a 
capacity to transfer more energy than sensible heat. Hence, higher wetting 
condition would remarkably enhance the system cooling performance as is 
shown in Figure 4.11 where the wetting condition changes from 0.1 to1. Owing 
to this situation, materials’ capabilities of holding and uniformly distributing 
water as well as efficient methods of spraying water have been widely studied 
in order to improve the system’s wetting condition [36, 40, 75].  
 
Figure 4.11 Effect of wetting condition   
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4.2.10. Effect of Lewis factor 
Lewis factor which is often incorrectly regarded as Lewis number in many 
investigations of water evaporation, is an indication of heat and mass transfer 
amount along the wet surface. A majority of scholars treat this value as unity, 
including Lewis himself who gave the definition and the evidence to prove the 
feasibility. However, according to the point summarized by Kloppers [58], 
keeping Lewis factor as 1 is insufficient which varies between 0.5 and 1.3. 
Hence, the exploration of Lewis factor is made to determine its effect on 
predicting IECS performance.  
   
Figure 4.12 Effect of Lewis factor on the cooling performance 
The computational result is shown in Figure 4.12, it is estimated that 
different outcomes have been achieved with the change of Lewis factor, the 
higher Lewis factor the higher outlet temperature of primary air. This is because 
the increase of Lewis factor results in the decrease of mass transfer coefficient. 
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Thus, less water evaporation happens in the wet channel which is reflected on 
the humidity ratio of outlet secondary air as shown in Figure 4.13. But since the 
overall variation of system efficiency is only 0.5
o
C when Lewis factor changes 
from 0.5 to 1.3. Hence, compared with effects brought by other parameters this 
effect is quite small, which could be neglected. 
 
Figure 4.13 Humidity ratio of outlet secondary air when changing Lewis 
factor 
4.2.11. Effect of flow pattern 
When considering an IECS with cross flow configuration, the flow pattern 
can be divided into two types as indicated in Figure 3.4. First one is the research 
prototype where secondary air is sent into the wet passages from the bottom of 
system and flows in a counter direction to the spray water. The other one 
belongs to the current flow type, in which both of spray water and secondary air 
flowing from top to the bottom. In order to understand the difference of these 
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two types, modeling is conducted on each process under the same condition of 
35piT C  , 40%p  , 3pv m s , 25aiT C  , 60%a  , 2av m s , 5z mm .  
Figure 4.14 illustrates the temperature distribution of primary air and 
water film along the flowing path, in which the outlet pirmary air temperature 
of counter-flow type reaches a lower value compared to that of corrent-flow 
type. Moreover, there is a difference between the variation trends of water film 
temperature. Due to the configuration of corrent flow where secondary air and 
spray water flow in a same direction, it provides secondary air with a relative 
low wet bulb temperature at the inlet region of water film. According to the 
acknowledgement concluded in episode 4.2.3 and 4.2.4, wet bulb temperature 
other than dry bulb temperature of secondary air is the crucial factor 
determining the heat and mass trasnfer process in the wet passages. Therefore 
at the inlet, water film temperature is influenced by secondary air properties, 
casuing it to decrease firstly. While for the case of counter-flow pattern, 
humidity of secondary air is high at the inlet region of water film which is also 
the outlet of secondary air, the driving force for the water evaporation between 
water film and secondary air becomes small. Hence, at the inlet region of 
water film for the counter-flow pattern, the relative small evaporation involved 
in the heat transfer caused the rise of water film temperature.  
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Figure 4.14 Primary air and water film temperature distribution along the 
flowing direction of two flow patterns 
In addition, since the mean temperature of the circulated water film for the 
counter-flow type is lower than that of current-flow, the total evaporation rate of 
counter-flow type is higher which could be reflected on the outlet humidity of 
secondary air. Figure 4.15 clearly shows the humidity distribution of secondary 
air for the two types. As can be seen, it is estimated that humidity variation of 
counter-flow type is sharper and the outlet humidity ratio is higher than that of 
current-flow. From this point of view, it is telling that in the counter-flow type, 
water evaporation is promoted which means more latent heat transfer taking 
part in the cooling of primary air. In this way, counter-flow pattern is proved to 
be the best for cross-flow configuration. 




Figure 4.15 Humidity distribution of secondary air along the flowing 
direction of two flow patterns 
4.3. Flat Tubular IECS 
After studying the plate type IECS, flat tubes are used as the separating 
medium in this part, therefore influential parameters related to the system 
geometry and air properties are discussed. Considering the system geometry, 
because of the cross-flow arrangement, the periodic and symmetric boundary 
condition of the computational domain requires the study of six factors, as the 
combination of them is able to precisely determine the geometry of a tube 
bundle. They are tube dimension consisting of tube long axis length ( a ), tube 
short axis length ( b ), relative longitudinal pitch ( l lr S a ) and relative 
transversal pitch ( t tr S b ) which is shown in Figure 4.16 and tube length ( xL ) 
and tube number in one column ( tN ).  




Figure 4.16 A schematic view of flat tube bank dimension 
Moreover, to better understand and describe the cooling performance of a 
tubular IECS, two criterions have been introduced. Firstly, the wet bulb 
efficiency wb  expressed in (4-1), which is an indication of the extent of 
primary air approaching the wet bulb temperature of inlet secondary air. 
Secondly, the degree of humidity hD  which is defined in (4-2). For a flat 
tubular IECS, the system height consists of three factors, which are tube number 
in a column, tube long axis length and relative longitudinal pitch. In order to 
study this parameter of flat tubular IECS, the degree of humidity is introduced 
for a better understanding of simulation outcome. It represents the difference 
between the outlet humidity of secondary air and saturated air humidity with the 
same temperature of outlet secondary air, indicating the approach of secondary 
air to the saturation point.  
,h s ao aoD w w                         (4-2) 
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In order to study the effect of various factors, a set of parameters illustrated 
in Table 4.3 is treated as the standard condition for operation. Due to the 
application of return air as the secondary air, the temperature and relative 
humidity are chosen at 24
o
C and 60%, respectively. Moreover, the velocity of 
primary and secondary air represented here is the value at the minimal 
cross-sectional area. 
Table 4.3 Simulated condition for the tubular IECS 
a  
m 
b   
m 
















0.07 0.01 1.3 2 35 30 24 60 4 3 
4.3.1. Effect of tube number in a column  
Firstly, number of the tubes assembled in a column which determines the 
flow length of the secondary air has been studied in this part with a range of 
8-30. As is shown in Figure 4.17, when the number of tube is increased, the 
humidity of outlet secondary air which sweeps the tubes is getting closer to the 
saturation point, leading to the decreased driving force for the latent heat 
transfer at the upper part of tube bank.  
In an IECS system latent heat is in charge of transferring most of heat 
away from the primary air. Hence, increasing tube number along a column has a 
deleterious effect for the top tubes regardless of the increased heat and mass 
transfer area, resulting in the reduced overall wet bulb efficiency. In addition, 
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the increase of tube number greatly increases the pressure drop for the 
secondary air which means more fan power is required. In this way, tube 
number in a column should not be as many as possible, for the balance of 
efficiency and amount of cooling capacity, twelve tubes are selected here as the 
foundation for the further study. 
 
Figure 4.17 Effect of tube number in a column. 
4.3.2. Effect of air properties  
In this part, air properties such as dry bulb temperature, humidity ratio are 
crucial parameters that have an influence on the system cooling performance. 
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The study of their effect aims at providing thorough understanding into the 
mechanism of the tubular IECS system and introduction for the wide 
application.  
4.3.2.1. Effect of temperature of inlet primary air 
Firstly, the inlet temperature of primary air is varied from 25 to 45
o
C, and 
the simulation result is shown in Figure 4.18. It is found that both the outlet 
temperature of primary air and wet bulb efficiency are increased with the rise of 
inlet temperature. This is due to the increased temperature difference between 
primary air and water film which promotes the heat and mass transfer and leads 
to higher efficiency.  
 
Figure 4.18 Effect of inlet temperature of primary air 
4.3.2.2. Effect of dry bulb temperature of inlet secondary air 
In order to study the effect of dry bulb temperature of inlet secondary air, 
the value is changed from 21 to 35
o
C while keeping its wet bulb temperature 
constant at 19
o
C. The simulation result shown in Figure 4.19 indicates that the 
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efficiency and outlet temperature of primary air do not alter with the inlet dry 
bulb temperature of secondary air, which means this parameter barely has any 
influence on the system cooling.  
 
Figure 4.19 Effect of dry bulb temperature of inlet secondary air  
4.3.2.3. Effect of wet bulb temperature of inlet secondary air 
After discovering the useless role of inlet dry bulb temperature of 
secondary air, further study is required to understand the cooling theory of 
tubular IECS. Thus, the relative humidity of inlet secondary air is varied from 
20% to 85%, at the same time the dry bulb temperature is maintained at 24
o
C. 
Thanks to the fact that when air dry bulb temperature together with another 
parameter is known from the measurements, other psychrometric parameters 
can be determined. Therefore, during the process of increasing of relative 
humidity of secondary air while keeping dry bulb temperature constant, the wet 
bulb temperature correspondingly changes from low value to high value. Figure 
4.20 presents the result of system performance. As can be seen, with the growth 
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of relative humidity of inlet secondary air, outlet temperature of primary air 
increases tremendously. When the relative humidity is 20%, primary air could 
be cooled to as low as 20
o
C, greatly saving the energy consumption by 
eliminating further cooling device. However, for the wet bulb efficiency, due to 
the change of two factors in the definition, it changes very little. Together with 
last episode, it is concluded that in a tubular IECS, latent heat transfer 
dominates in removing heat away from primary air because of the driving force 
for cooling depending on the difference of primary air temperature and 
secondary air wet bulb temperature rather than the dry bulb temperature.  
 
Figure 4.20 Effect of relative humidity of inlet secondary air  
4.3.3. Effect of tube wettability  
Generally, the heat released by primary air is absorbed by the water film 
covered around the tube. Owing to the fact that some paths of a tube might be 
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complete dry, the wet places behave as an air-to-water heat exchanger while for 
dry paths air-to-air heat transfer is happened. As it is hard to determine the dry 
area in a flat tubular IECS, a basic ratio of wet area to total surface area is 
introduced. To study its effect, the surface wettability is changed from 0.2 to 1. 
As can be seen in Figure 4.21, higher value of surface wettability gives rise to 
high system effectiveness. Based on the previous study that latent heat transfer 
is the main source for cooling primary air, the increase of tube surface 
wettability would expand the heat and mass transfer area, which increase the 
amount of latent heat transfer. As a result, more heat is carried away from 
primary air. Hence, surface wettability is a key parameter on influencing the 
system cooling performance. 
 
Figure 4.21 Effect of surface wettability on the cooling performance 
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4.3.4. Effect of tube dimension under the condition of constant 
primary and secondary air velocities 
4.3.4.1. Tube long axis length 
Tube long axis length determines the heat and mass transfer area between 
dry and wet sides. In order to investigate its effect on the system performance, 
the length changes from 0.02 to 0.2m while the velocities of primary air and 
secondary air at minimum cross-sectional area are kept constant at 4m/s and 
3m/s, respectively. The simulation results shown in Figure 4.22 indicate that the 
system efficiency firstly goes up and then declines at the length of 0.06m. This 
phenomenon can be explained by the fact that the increasing heat and mass 
transfer area enables more heat removal between primary air and sprayed water, 
leading to the rise of efficiency. However, as can be seen, the larger of the tube 
long axis length, the closer of outlet secondary air approaches the saturation 
point, which greatly reduces the amount of water evaporation. As a result, the 
top part of the tubes bundle has a worse cooling performance than the bottom 
ones where the secondary air comes in. When this effect outweighs the 
advantage brought by the increased transfer area, the wet bulb efficiency 
declines. 




Figure 4.22 Effect of tube long axis length with constant air velocities 
Furthermore, by increasing the long axis length, the friction factor and 
flow length for secondary air is increased which represents the growth of 
pressure drop. In this way, the tube long axis length selected at 0.08m is 
appealing which provides not only a high cooling performance, but also a low 
pressure drop.  
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4.3.4.2. Tube short axis length 
Tube short axis length which associates with the flow rate of the primary 
air is ranged from 0.005m to 0.025m. As can be seen in the Figure 4.23, the 
augment of tube short axis length greatly increases the outlet temperature of the 
primary air, meaning low effectiveness is achieved. Since the velocities of air 
streams flowing across the system are kept the same, low value of tube short 
axis length gives rise to the low mass flow rate of primary air required to be 
cooled. In this way, the declined cooling requirement together with the small 
channel width is beneficial for heat conduction at the dry side. As a result, high 
efficiency is achieved. However, when tube short axis length is small, the small 
hydraulic diameter causes high pressure drop for both primary air and 
secondary air during their flow through the system. By considering the system 
efficiency as well as system overall pressure drop, tube short axis length should 
be chosen around 0.01m . Hence, not only the cooling performance is ensured, 
but also the system pressure drop is controlled.  




Figure 4.23 Effect of tube short axis length with constant air velocities 
4.3.4.3. Effect of relative longitudinal pitch 
Relative longitudinal pitch which is an indication of tube spacing at 
longitudinal direction, determines the height of the system. In this part, its effect 
on the cooling performance is studied by changing it from 1.1 to 3. Figure 4.24 
shows the simulation results, which illustrate that with the rise of relative 
longitudinal pitch, both the system cooling performance and secondary air side 
pressure drop are increased.  




Figure 4.24 Effect of relative longitudinal pitch with constant air velocities. 
The increase of the relative longitudinal pitch means the increase of flow 
length for the secondary air. Therefore, it strengthens the heat and mass transfer 
between spray water and secondary air by enabling secondary air to absorb 
more water vapor while keeping the flow rate of two air streams the same. As a 
result, more complete heat transfer promotes the growth of wb  as is shown in 
Figure 4.24. However, as can be seen the overall variations of , ,wb a hP D   are 
small, especially when the value of relative longitudinal pitch is above 2.0. With 
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the proximity of secondary air to the saturation point, the system efficiency 
becomes unchangeable due to the declined driving force. By taking into account 
the system height, relative longitudinal pitch around 1.5 is enough for the 
cooling performance.  
4.3.4.4. Effect of relative transversal pitch 
Relative transversal pitch of the tube bundle representing the tube spacing 
in the transversal direction, is also a key factor in influencing the system 
performance by deciding the compactness of the system. During the simulation, 
it is altered from 1.2 to 3. Apparently, the decline of relative transversal pitch 
would decrease the flow rate of secondary air when keeping the velocity at 
cross-section area same, which greatly lows the secondary air ability to absorb 
water vapor. Hence, small amount of secondary air would easily reach the 
saturation point, leading to the low wet bulb effectiveness of the system as is 
shown in Figure 4.25. On the other hand, small value of relative transversal 
pitch leaves secondary air with narrow flow path, which remarkably increases 
the pressure drop at wet side. In this way, large relative transversal pitch is 
appealing due to its high efficiency and low pressure drop. However, by 
considering the feature of compactness for wide application, the system should 
not be as large as possible. Moreover as can be seen, when relative transversal 
pitch is larger than 2, its effect on the performance is not that much obvious 
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which barely changes the efficiency. Thus, it is settled as 2 for the future 
optimization.  
 
Figure 4.25 Effect of relative transversal pitch with constant air velocities. 
4.3.4.5. Effect of tube length 
In this part, the set of simulation is conducted to study the effect of tube 
length. After ranging it from 0.5 to 2.2m, the results are shown in Figure 4.26. It 
is obviously that the augment of the tube length which is the flow path of 
primary air, increases the heat and mass transfer area between primary air and 
spray water. As it is illustrated in Figure 4.26, it therefore increases the system 
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cooling efficiency by promoting primary air to release more heat to the wet side, 
ensuring more complete heat transfer. On the other hand, the extension of flow 
length for the primary air causes the rise of pressure drop for the primary air. 
Thus, in this study the length is chosen at 1.4m for the optimization. 
 
Figure 4.26 Effect of tube length with constant air velocities 
4.3.5. Effect of tube dimension under the condition of constant 
flow rates of primary and secondary air  
Different from last part, the purpose of this part is to study the effect of 
tube dimension under the condition of keeping flow rates of primary and 
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secondary air constant. By maintaining the air flow rates, the air velocities at the 
minimal cross-sectional area would relevantly change with the variation of the 
tube dimension. Here, the flow rates for primary and secondary air flowing 
through the computational domain are settled at 
30.0326m s  and 
30.031m s , 
respectively. Due to the periodic and symmetric boundary condition, by simply 
increasing the column number of tube bundle could change the total flow rates 
coming into the system to the expected value while having no influence on the 
simulation results.  
4.3.5.1. Tube long axis length 
Firstly, effect of tube long axis length is investigated by increasing it 
from 0.04 to 0.2m. As can be seen in Figure 4.27, the results indicate that 
larger tube long axis length leads to a better cooling performance and a decline 
of primary air side pressure drop. Obviously, the increase of tube long axis 
length not only increases the heat and mass transfer area between primary air 
and water film, but also decreases the primary air velocity, making it stay 
longer in the heat exchanger, Hence, it to some extent ensures more heat 
transferred from primary air to the wet side. This phenomenon is also reflected 
on the degree of humidity of secondary air. Low degree of humidity indicates 
that more latent heat transfer is involved in decreasing the primary air 
temperature. However, the tube long axis length should not be as large as 
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possible, which would increase the pressure drop of secondary air and the 
investment for system material and size.  
 
Figure 4.27 Effect of tube long axis length with constant air flow rates 
4.3.5.2. Effect of tube short axis length 
In order to study the effect of tube short axis length which regulates the 
primary air velocity, it has been changed from 0.005 to 0.02m. The simulation 
results illustrate that wb decreases with the growth of tube short axis length, 
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as is seen in Figure 4.28. This is due to the high Nusselt number of primary 
and secondary air when tube short axis length is small which is shown in 
Figure 4.29. As a result, the increase of heat and mass transfer coefficients 
strengthens the heat release from primary air and water evaporation at the wet 
side, therefore making primary air temperature to decrease and secondary air 
to approach the saturation point.  
 
Figure 4.28 Effect of tube short axis length with constant air flow rates 
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On the other hand, when tube short axis length is small, the high 
velocities of air streams together with small hydraulic diameter easily cause 
the rise of pressure drop for the whole system. In this way, the value of tube 
short axis length should not be too small in order to balance the system 
efficiency and overall pressure drop. 
 
Figure 4.29 Nusselt number of primary and secondary air while changing 
tube short axis length at constant flow rate. 
4.3.5.3. Effect of relative longitudinal pitch 
Effect of relative longitudinal pitch on the cooling performance is studied 
by changing it from 1.1 to 3. The simulation result is shown in Figure 4.30. 
With the growth of relative longitudinal pitch, both the system cooling 
performance and secondary air side pressure drop are increased. Due to the 
increasing flow path for the secondary air, the heat and mass transfer between 
spray water and secondary air is promoted by enabling more water to be 
evaporated to the secondary air. However, since the overall variations of 
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, ,wb a hP D   are small, a suitable relative longitudinal pitch is important which 
accounts for the system cooling while makes sure the system size not being too 
high.  
 
Figure 4.30 Effect of relative longitudinal pitch with constant air flow 
rates. 
4.3.5.4. Effect of relative transversal pitch 
When the condition of constant air flow rates is applied, relative 
transversal pitch which indicates the tube spacing in the transversal direction, is 
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able to change the secondary air velocity at the cross-sectional area. During the 
study, the relative transversal pitch is changed from 1.3 to 3 and the results are 
shown in Figure 4.31.  
 
Figure 4.31 Effect of relative transversal pitch with constant air flow rate. 
As can be seen, when the relative transversal pitch is increased, velocity of 
secondary air flowing through the tube bundle is reduced. Hence, it greatly 
decreases the Nusselt number of secondary air which weakens the heat and 
mass transfer coefficients at the wet side as is indicated in Figure 4.32. The 
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declined latent heat transfer renders the outlet secondary air to absorb less water 
vapor, leading to the rise of hD  at the outlet. As a result, outlet temperature of 
primary air is increased. Nevertheless, small relative transversal pitch increases 
the friction factor for secondary air, which results in the tremendous increase of 
pressure drop. Therefore, a rational value of relative transversal pitch which 
makes the system compact and provides a small pressure drop is appealing. 
 
 
Figure 4.32 Nusselt number of secondary air when changing relative 
transversal pitch with constant air flow rates 
4.3.5.5. Effect of tube length 
Figure 4.33 shows the results of studying the effect of tube length on the 
cooling performance. Apparently, when the tube length is increased, heat and 
mass transfer area to a certain extent is expanded. Hence, more heat is taken 
away from the primary air by evaporating more water to the secondary air. As a 
result, degree of humidity is declined while the efficiency is increased. 
Chapter 4. Results and discussion 
112 
 
However, since the ultimate temperature that primary air can be cooled is 
determined by the wet bulb temperature of inlet secondary air, heat transfer 
slows down for the tube part where length is above 1.5m. Moreover, longer 
tube length always brings in higher pressure drop for the primary air and more 
investment on system length. In this way, it is important to select a suitable tube 
length.  
 
Figure 4.33 Effect of tube length with constant flow rates  
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4.3.6. Optimization of a tubular IECS 
According to the above summary made on the effect of geometry of a flat 
tubular IECS, an optimization size could be achieved to reduce the fan power 
consumption. The geometrical detail is listed in Table 4.4. 
Table 4.4 Optimized size for a tubular IECS 
a  b  lr  tr  tN  xL  yL  
0.07m 0.01m 1.5 2 12 1.4m 1.2m 
The boundary condition for the optimized system is shown below 
Primary air: dry bulb temperature 35piT C  , relative humidity
30%pi  , velocity at the minimum area 4pv m s . 
Secondary air: dry bulb temperature 24aiT C  , relative humidity 
60%ai  , velocity at the minimum area 3av m s . 
Simulation of the optimized geometry is conducted, and the outlet primary 
air temperature of each tube is shown in Figure 4.34. As it is presented, there is 
a rise for outlet temperature of primary air, and at the bottom of the system 
primary air reaches the coolest temperature. Apparently, with the flow forward 
of secondary air, the humidity in it is correspondingly increased. As a result, the 
wet bulb temperature of secondary air is increased as indicated in Figure 4.35 
which decreases the driving force for the latent heat transfer between the water 
film and secondary air, leading to the rise of primary air temperature for the top 
part of the tube bundle.  
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The calculated result of the optimization size indicates that the cooling 
performance of flat tubular IECS is greatly improved. Accordingly, the system 
is able to cool the primary air to 21.75
o
C, which makes wet bulb efficiency 
achieve as high as 80.4%. While the predicted pressure drops for the primary 
and secondary air are only 39.9Pa and 21.6Pa. 
 
Figure 4.34 Average outlet temperature of primary air of each tube with 
optimization size 
         
Figure 4.35 Psychrometric parameters of secondary air during the flow 
across the tube bundle.
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Chapter 5. Conclusion and recommendations 
5.1. Conclusion 
This dissertation comprehensively studies the indirect evaporative cooling 
system with cross-flow arrangement by simulating the heat and mass transfer 
occurred inside. Different from previous work, a two-dimensional numerical 
model incorporating the variation of water film temperature along the way, 
surface wetting condition and Lewis factor is developed which helps to improve 
the model accuracy and makes it much closer to the practical situation. To do 
this, their impacts on the cooling performance are carefully analyzed instead of 
simply introducing a factor into the model. Compared with previous 
experimental results, the small deviation proves the correctness and feasibility 
of the proposed model. In addition, based on the medium geometry which is 
used for separating the primary air from the wet side, further investigation is 
performed on two types of IECS in order to understand their distinct effects. 
The main findings are summarized below. 
5.1.1. Plate type IECS 
According to the study of dry bulb and wet bulb temperature of secondary 
air, it is found that the inlet dry bulb temperature of secondary air almost has no 
effect on the overall cooling performance, while the inlet wet bulb temperature 
greatly affects the temperature that primary air could be cooled to. Hence, the 
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cooling mechanism of IECS mainly depends on the latent heat transfer, and the 
driving force for the latent heat transfer is determined by the difference between 
water film temperature and secondary air wet bulb temperature. With more 
water evaporated into the secondary air, primary air is able to achieve a cooler 
temperature. From this point of view, low relative humidity of inlet secondary 
air is appealing in the IECS.  
The simulation result also shows that the spray water temperature in a 
cross-flow IECS is determined by the operation condition and the flow 
arrangements. Since the water is circulated, it provides the spray water with the 
ability of self-regulation, which helps to maintain its temperature between the 
primary air temperature and secondary air wet bulb temperature. Therefore, the 
temperature distribution of water film along the flow direction is parabolic. By 
doing this, the overall IECS is able to reach an equilibrium condition, ensuring 
the steady-state operation. 
Furthermore, the investigation of flow pattern in terms of cross-flow 
configuration indicates that counter-flow of secondary air and water film has a 
better cooling performance than that of the current-flow pattern. This is because 
the water recirculation temperature of counter-flow pattern is relative low, 
which increases the driving force for the latent heat transfer at the wet side. As a 
result, more heat from primary air is removed by evaporating more water into 
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the secondary air. Thus, it provides the evidence to explain why counter-flow 
pattern is commonly used in the cross-flow configuration. 
5.1.2. Flat Tubular IECS 
For the case of flat tubular IECS, to understand its operation mechanism, 
several determining parameters consisting of tube number in a column, tube 
long axis length, short axis length, relative longitudinal pitch and transversal 
pitch and tube length are investigated one by one in terms of wet bulb efficiency 
and pressure drop. The simulation result indicates that the rise of tube number 
has a deleterious impact on the system efficiency due to the approach of 
saturation point which hinders the heat transfer for the upper tubes. Meanwhile, 
the pressure drop for secondary air is also increased with more tubes arranged 
in a column.  
Under the condition of keeping air velocities constant, it is found that 
parameters monotonously influence the system efficiency, except for the tube 
long axis length which firstly increases and then reduces the system efficiency. 
As it is indicated, the cooling performance is improved with the growth of 
relative longitudinal pitch, relative transversal pitch as well as tube length, 
while the tube short axis length adversely influences the system. 
On the other hand, when the condition of constant mass flow rate of air 
streams is applied, the performance happening in the system is correspondingly 
changed. According to the study, the rise of tube long axis length, relative 
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longitudinal pitch as well as tube length becomes beneficial for the system 
cooling, while the increases of tube short axis length and relative transversal 
pitch disadvantageously affect the system efficiency. A rational explanation of 
the above phenomenon is to regard the secondary air as a “sponge” which is 
able to absorb the water. The size of a sponge is relied on the mass flow rate of 
secondary air. Hence when the size of the sponge is settled meaning constant 
flow rate of secondary air, more water absorbed by it would lead to a better 
system performance as it is indicated in the Figure 4.27-4.32.  
In addition, for the overall consideration of a flat tubular IECS, it is found 
that the pressure drop of primary and secondary air is another key factor to 
determine the system feasibility. To achieve an optimization of the tubular 
IECS, both the system efficiency and overall pressure drop should be taken 
into consideration, due to the different effects the two parameters may display. 
In the end of this study, an optimized system is achieved which not only is 
energy efficient but also has a low pressure drop. In this way, when designing a 
IECS, it is essential to develop a suitable size which balances the cooling 
performance and the overall pressure drop.  
5.2. Recommendations for the future work 
Although the proposed model is validated well and employed to study the 
influential parameters, further efforts are required to perfect the research of 
indirect evaporative cooling system. It is necessary to conduct the experiments 
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to confirm the above findings. For the case of flat tubular IECS, tube 
arrangement in the bundle can be designed into staggered pattern, which 
usually has a higher transfer coefficient and pressure drop than those of inline 
pattern. Furthermore, in order to improve the overall cooling performance of 
IECS, the installation of turbulence device at the primary air side is appealing 
which could increase the heat transfer coefficient by disturbing the flow. 
While for the wet side, the application of fins appears to be a useful strategy 
which has been widely used in the conventional heat exchangers. To explore 
its impact and mechanism on the IECS, theoretical and experimental study 
must be conducted.  
Furthermore, since the study reveals that relative humidity of inlet 
secondary air exerts a great influence on the performance, attention must be 
paid to the dehumidify device which dries the secondary air before it entering 
the heat exchanger. Normally, two ways of dehumidifying air are frequently 
employed, which are condensation and adsorption methods. The first one 
removes the water content in the air by cooling it below the dew point 
temperature. Hence the water vapor in the air would condensate out [76]. The 
latter one utilizes desiccant material which is a hygroscopic agent to absorb 
the moisture when the air flowing through it. However, for the first technique, 
another fluid which is cooler than the process air dew point temperature is 
required, which increases the energy input to the whole system. While in the 
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case of adsorption dehumidifying system, except for the absorption process, 
the regeneration process is also included to transform desiccant material for 
the recycle use. Since the regeneration system could be powered by the solar 
energy which is an energy-saving and environmental friendly strategy [77-79], 
the combination of adsorption system and IECS has the potential of improving 
the whole system. 
Finally, it is necessary to develop a novel material for the medium used in 
the IECS. Key features such as the ability of holding and uniformly 
distributing water film, permeability and cost should all be considered to 
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